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ABSTRACT

Wang, Zheng-Min, Ph.D., Purdue University, December, 2001. Complete 
Determination of Atomic Parameters in Two-Photon Ionization and Study of 
Quantum Interference with Two-Color Laser Fields. Major Professors: Daniel S. 
Elliott and David D. Nolte.

We present our study on complete measurements of two-photon ionization in 

atomic rubidium. In this study we developed an effective technique to measure the 

angular distributions of photoelectrons. Through the measurements with this 

technique and using elliptically-polarized light we have successfully determined 

the atomic parameters—the relative cross sections for various ionization channels 

as well as the phase difference between s- and ^-continuum waves. The measured 

phase differences are in excellent agreement with expected values over the entire 

range of photoelectron kinetic energy from 0 to 0.5 eV. The measured relative 

cross sections for ionization into S  and D channels are also in good agreement with 

theoretical data. Both the relative cross sections and phase differences show a slow 

variation as a function of photoelectron energy. The ratios of cross sections of the 

two D channels are not in agreement with the expected value, suggesting fine 

structure effects.

We also studied a quantum mechanical interference using two-color laser 

fields and observed the extremely asymmetric photoelectron angular distribution 

produced by interfering even- and odd-order photoionization processes in atomic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xiii

rubidium as the optical phase was varied. We observed these effects with both 

perpendicularly and parallel-polarized fields components. It is worthy to note that 

the quantum interference observed with perpendicularly-polarized two-color fields 

is unique. Based on the analysis of measured angular distributions we derived the 

phase difference between even and odd continuum waves for the first time. The 

measured value of the phase difference is in good agreement with the calculated 

value from quantum defect theory.
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CHAPTER 1 

INTRODUCTION

The angular distributions of photo-ejected electrons provide valuable 

information about the structure of atoms and molecules. Measurement of 

photoelectron angular distributions (PAD) is a powerful tool for the exploration of 

atomic and molecular structure as well as for studying the fundamental properties 

of the interaction of light with matter. The photoelectron angular distributions 

depend upon the nature of the initial bound state and final continuum states. By 

studying photoelectron angular distributions, one can further understand the nature 

and features of the atomic electronic structure and dynamics. The phase difference 

of the partial waves in the continuum can be extracted from measurements of the 

differential photo-ionization cross section, that is, the angular distribution. This 

information is not available from the measurement of the total photo-ionization 

cross section.

The conventional technique for the measurement of PAD uses a single 

channel electron detector to detect the photoelectron flux in several directions in a 

plane perpendicular to a laser beam with linearly-polarized light. Unfortunately, 

the atomic parameters cannot be uniquely determined from these measurements of 

PAD. We developed a more effective technique for the measurements of PAD and 

the determination of atomic parameters. In this technique, the photoelectrons 

emitted in the interaction region are collected in all directions by a specially 

designed photoelectron detector and form a two-dimensional image on a phosphor
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screen of the detector. And equally important, instead of using linearly-polarized 

light we use elliptically-polarized light for the experiments.

With this technique, we record the two-dimensional images of PAD for the 

two-photon ionization process in atomic rubidium and determine the three atomic 

parameters simultaneously without additional measurements or data from theory. 

These atomic parameters include the relative photo-ionization cross section 

between the S and D channels crs/CTd, the relative cross section between the two 

fine structure D channels (*5/2/0 3 /2  and the phase difference between s- and d- 

continuum waves d£=£v-£/.

An attractive extension of this field is the use of a two-color laser field for 

investigating the interference between odd- and even-order (i.e. the number of 

photons involved) processes. Two different channels are involved in the transition 

between the same initial and final continuum states. In this case the photoelectron 

angular distributions are asymmetric and can be changed by varying the relative 

phase between the two fields. This is one of the aspects in the studies of coherent 

control. In these studies, we photo-ionize atomic rubidium from its ground state by 

using visible light at 560 nm and its double frequency UV light at 280 nm, 

simultaneously. The one photo-ionization process of the rubidium atom with the 

UV light leads to a p-wave with odd parity, while the two-photon interaction with 

visible light leads to s- and d-waves, which are both of even parity. The continuum 

wave function excited by these two interactions is a linear combination of the odd- 

and even-wavefunctions. This allows us to control the direction in which the 

photoelectrons are ejected. We are able to change the angular distribution by 

varying the relative phase between the two laser fields. We have observed the 

asymmetric angular distributions of photoelectrons using our technique. For the 

first time we have determined the phase difference between the even and odd 

continuum waves (i.e. p- and d-waves) based on the images produced by the two- 

color coherent field.
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CHAPTER 2

DESCRIPTION OF PHOTOELECTRON 
ANGULAR DISTRIBUTIONS

This chapter is primarily concerned with the basic concept of multi-photon 

ionization of atoms, the principle of the measurement of PAD, and the 

determination of the atomic parameters using the conventional technique with 

linearly-polarized light. We also present a summary of the theory of PAD in two- 

photon ionization with arbitrarily-polarized light, which is critical for the 

determination of atomic parameters on the two-photon ionization with elliptically- 

polarized light.

2.1 Historical overview

The first measurements of the photoelectron angular distribution can be dated 

to as early as 1924, performed by Bothe [1] when ionizing molecules, such as 

CHC13 and C2H5Br, with x rays. At such high energy the linear momentum of the 

photon is not negligible with respect to the momentum of the bound electron. This 

results in a distortion of the photoelectron angular distribution due to momentum 

transfer. Experiments on the angular distribution of photoelectrons ejected by 

polarized ultraviolet light in potassium vapor were performed in 1931 [2]. At these 

photon energies, the momentum transfer can be neglected. These experiments 

showed that the most probable direction of emission of electrons by polarized 

radiation was in the direction of the electric vector and that the angular distribution 

varies as the square of the cosine of the angle between the electric vector and the
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direction of the ejected electron. This result is consistent with the prediction of 

quantum mechanics for a spherically symmetric atom.

Early work in the theory of the angular distribution of ejected particles was 

developed in connection with angular distributions in nuclear processes [3]. With 

the advent of lasers, interest turned to atomic photoionization processes. Zemik 

[4] was the first to calculate angular distributions for the special case of two- 

photon nonresonant ionization of the 2s metastable state in atomic hydrogen. 

Subsequently, Cooper and Zare calculated the photoelectron angular distribution 

for several negative ions [5], one-electron and many-electron atomic systems [6], 

as did Tully et al. [7] with emphasis on molecules. Numerous theoretical analyses 

of angular distributions of photoelectrons have been worked out for different 

aspects of this subject [8-15, 31, 36-37].

The experimental study of angular distributions from multi-photon ionization 

was pioneered by R.S. Berry and his colleagues [16]. In 1974, they measured the 

angular distribution of electrons from resonant two-photon ionization of titanium 

atoms. These experiments demonstrated the feasibility of the technique, but the 

complexities of the structure of titanium made interpretation of the results 

difficult. Berry’s group turned to atomic sodium and obtained much more 

definitive results using a two-step ionization process [17]. Since then a series of 

experimental measurements of angular distributions have been presented for two- 

and three-photon ionization for sodium [18, 19], cesium [20] and strontium [21].

The influence of nuclear spin on angular distributions has been studied by a 

number of groups [18-19, 23-24]. For example, in 1979, Leuchs et.al. [24] 

performed an experiment on a quantum interference effect in photo-ionization. 

They observed the quantum beats due to the hyperfine structure state 32P3P.of 

sodium in two-photon ionization. The atoms were ionized stepwise with two 

pulsed lasers. The photoelectron angular distribution, measured as function of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5

delay between the two laser pulses, exhibited a periodic variation due to the 

quantum beat effect.

The angular distribution of photoelectrons is expected to depend only on the 

angular momentum quantum numbers and not on the principle quantum numbers. 

This is not the case, however, when atoms with more than one valence electron are 

studied, where double excited levels exist below the first ionization limit. That is, 

there exist perturbations of the intermediate levels by configuration mixing, which 

have been observed [25,26]; Leuchs et. al. [25] studied these effects with resonant 

multiphoton ionization in barium. The results showed that state mixing 

dramatically influenced both the total ion yield and the angular distribution of 

photoelectrons.

The ac Stark effect also influences the angular distribution of photoelectrons. 

Ohnesorge et. al. [35] studied this effect using the two-photon-resonant, three- 

photon ionization of atomic sodium. Since the Stark effect is linear with intensity, 

the angular distribution changes with the laser intensity. The measured distribution 

with mean pulse intensities ranging from 0.6 MW/cm" to 530 MW/cm' were 

qualitatively consistent with the predictions of Dixit and Lambropoulos [36-37]. 

This work implies that the intensity effect has to be considered whenever atomic 

data are to be extracted from photoelectron angular distributions. A more 

quantitative theoretical investigation was carried out by Geltman and Leuchs [22]. 

The comparison of the theoretical results with the experimental data obtained by 

Ohnesorge et. al. clearly shows that the hyperfine splitting of the ground state has 

to be taken into account at high laser intensities.

Also the energy spectrum and angular distributions of electrons produced in 

above-threshold ionization (ATI) processes have been measured [27]. Above­

threshold ionization (ATI) has opened a new line for measuring the physical 

characteristics of the outgoing electrons, especially its energy spectrum and its 

angular distribution. In "normal" multi-photon ionization, only the minimum
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number of photons necessary to ionize the atom are involved. For multi-photon 

ATI, more photons with the same energy can be absorbed in the processes, i.e. 

continuum-continuum transitions take place in ATI. The first experimental 

demonstration of ATI was given by Agostini et al. [27]. In the experiment, the 

fundamental frequency (1.06 pm, /iv*=1.17eV) from a Ndrglass laser was passed 

through xenon gas (IP=12.27eV). They observed the ionization of xenon by 

absorption of eleven photons and continuum-continuum transitions by absorption 

of the twelfth photon. This process results mainly in an increase of the emitted 

electron kinetic energy by hv. They also showed that the discrete absorption of 

photons above six-photon ionization using the second harmonic (0.53 pm, 

hv=2.34eV) of the fundamental output of this laser. In this case, the six-photon 

ionization of xenon requires an intensity roughly 5 times lower. Since that time, 

much experimental and theoretical work on ATI has been reported [15,28-34].

It was pointed out by Lambropoulos [9] that the measurements of the 

photoelectron angular distributions in multiphoton ionization may yield 

information about the phase shifts of the continuum wave functions that can not be 

obtained from total cross section measurements. Information about scattering 

phases of outgoing electron waves is contained in the angular distribution 

parameters. Yin and Elliott [50] obtained the continuum-wave-function phase 

differences of the partial s-wave and d-wave over several laser wavelengths based 

on the angular distribution measurements of atomic rubidium in two-photon 

ionization. This experiment used linearly-polarized laser light to excite the atoms 

and measured the angular distributions of photoelectrons using a single channel 

electron detector in a plane perpendicular to the laser beam. The major 

disadvantage of this technique is that the three atomic parameters cannot be 

determined by these measurements alone. It must be augmented by results from 

other experiment or data from theory. The reliability and the accuracy of the 

results also depend on the other sources. In order to determine the atomic
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parameters from the measurements of PAD independently, Elliott [531 developed 

a theory of PAD in two-photon ionization with arbitrarily-polarized light. We will 

give a summary of this theory in Sec. 2.5. By using this theory with elliptically- 

polarized light in two-photon ionization of rubidium, as well as using a special 

designed photoelectron detection technique we are able to determine the three 

atomic parameters without using the data from other sources.

2.2 Multi-photon ionization of atoms
Measurement of the angular distribution of photoelectrons is an important 

probe of the photo-ionization process of atoms. To understand the photoelectron 

angular distribution and what we can learn from it, it is essential to begin with the 

basic physics of photo-ionization of atoms. An atom with an ionization potential Et 

can be ionized by absorption of one photon with an energy h v  > Ej. It can, 

however, also occur by absorption of several photons, each of lower energy, as 

long as the sum of the photon energies is greater than the ionization potential E j. 

This process is called multi-photon ionization. The ionization of short-lived 

intermediate states only yields measurable intensities if there are enough atoms in 

these states. Such multi-photon ionization processes may occur with excitation of 

intermediate resonance levels by absorption of the photons subsequently by the 

atom. This is called a resonant process. However, when the photon frequencies do 

not match the transition energies to any intermediate states the process can still 

take place, though with lower cross sections. This is called a non-resonant process. 

One of the most essential features of a multi-photon non-resonant absorption 

process is that it occurs through laser-induced virtual states, which are not 

eigenstates of the atom. The life time of the laser-induced virtual states is of the 

order of one optical cycle, typically ~10'15 s. Consequently, the absorption of 

photons through the virtual states must occur within a time < 10‘15 s. Therefore, 

the photon flux has to be strong enough to have a large number of photons within
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10'15 s. High-order photo-ionization processes may consist of one or more virtual 

transitions. For a resonant process, the life time of the intermediate states is 

typically 10'8 s, so this process can be performed with lower laser intensity. Thus 

we understand why nonresonant multi-photon ionization process can only be 

achieved with a high-intensity laser radiation.

Fig. 2.1 presents several possible excitation schemes of the multi-photon 

ionization process. Fig. 2.1a) shows a resonant three-photon process, with photon 

energies E[=hV[, E2=hv2, and E3=hv3. Each photon matches the energy difference 

between two energy states. Fig. 2.1b) shows a scheme with only one intermediate 

resonance using one laser source. Fig. 2.1c) shows a non-resonant three-photon 

ionization process with a single photon energy.

t

'/ / / / / /A
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m m
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i k

v 2
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V i
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m m .
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V |
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a ) b) c )

Figure 2.1: Schematic representation of multi-photon ionization: 
a) Resonant (sequential) multi-photon ionization (several intermediate 
resonances, several lasers), b) Resonant multi-photon ionization (one 
intermediate resonance, one laser), c) Non-resonant multi-photon 
ionization. (S.J. Smith and G. Leuchs, 1987 [64])
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2.3 Ionization channels of rubidium

We consider the non-resonant two-photon ionization of the rubidium atom 

from the initial ground state. See Fig. 2.2 for an energy level diagram of rubidium. 

In this case, the atom is ionized through absorption of two photons from the laser 

radiation. The ionization process is from the ground state |52Si/2> via a laser- 

induced virtual P state to the continuum |eS) and |eD) states. The single photon 

energy lies roughly half way between the excitation energies of the 5p 2Pj and the 

6p 2Pj intermediate states (J=l/2 or 3/2). In the most general case, such 

intermediate states are not eigenstates of the atom, but are virtual states, as 

mentioned earlier. The ground state is initially unaligned so that the two magnetic 

sublevels, w,=±l/2 (also mp± 1/2), are equally populated. Each continuum partial 

wave is taken as a superposition of an incoming spherical and outgoing plane 

wave, and can be expressed in products of the spherical harmonic functions 

T/m(0,4>) [6, 9]. According to the angular momentum selection rules for light that 

is linearly polarized along the z axis, A/=±l, A/npO, and Ay'=0, ±1 for each step of 

the ionization. The allowed ionization channels are shown in Fig. 2.3. St ~ S5are 

the two-photon radial transition matrix elements that correspond to the five 

ionization channels from the ground state to the three continuum states. 

Obviously, the channels are the same for m7 = -1/2, and the associated spherical 

harmonics are similar except that Y2i is replaced by Y2 -i. For circularly-polarized 

light propagating along z, A/=±l, A/w7=±l and A/=0, ±1; in this case we have the 

ionization channels as shown in Fig. 2.4. The s-partial wave is not excited in the 

case of circularly-polarized light.

We can see that in the two-photon ionization process for linearly-polarized 

light, the final continuum state is a coherent combination of |e S )  and |eD )  states 

which involve Yqo for the former and Y20, Y2i and Y2_i for the latter; for circularly-
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Figure 2.2: Energy level diagram of atomic rubidium.
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polarized light, only the |eD) state exists in the continuum whose transition 

amplitudes involve Y21, Y2-1, Y22 and Y2-2* In the case of elliptically-polarized 

light, it is quite complicated to show the ionization channels. The final continuum 

state is a linear combination of all the six spherical harmonics Yoo, Y2o, Y2i, Y2-i, 

Y22. and Y2-2. However, the use of the elliptically-polarized light makes the 

complete measurement of two-photon ionization possible. We will discuss the 

advantages of using elliptically-polarized light to measure the photoelectron 

angular distribution and to determine the atomic parameters later.

Al?fy= 0
+ 1/2

S i |£”S 1/2 ) Yoo+1/2

nij~+l/2

|52S l/2>
| n 2P 1/2)

|E " D 3/2> Y 2 0 .Y 2 1

|n 2P 3/2>

Figure 2.3: The ionization channels of two-photon ionization in 
rubidium by linearly-polarized light. Sr S5: two-photon radial 
matrix elements.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

Allty= +1
+ 1/2

+3/2

+ 1/2

+3/2

A/Hy= -1

my = +1/2
|5 Si/2>

-1/2   +‘/i

- 1/2

■|n2Pi/2>

- 1/2

|n2P*2>
-3 /2

b)

Y2 1, Y22

Y21 y 22

-3/2

-3/2

-3/2

-5/2
2- 1,

Figure 2.4: The ionization channels of two-photon ionization in 
rubidium by a) right circularly-polarized light 

b) left circularly-polarized light 
S3~S5 : two-photon radial matrix elements
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2.4 The principle of PAD and determination of atomic parameters 
using linearly-polarized light

In multiphoton ionization, the final state contains more than one partial wave. 

Each partial wave is represented by a spherical harmonic T/m(fI,(p) since it 

corresponds to a state of definite orbital angular momentum. The angular 

distributions of photoelectrons in multi-photon ionization are determined by the 

initial state, intermediate states and the continuum final states involved in the 

process, the transition amplitude to the different partial waves of the free electron, 

the relative phase of the partial waves, and the nature of the radiation field, such as 

the wavelength and the polarization.

The differential photo-ionization cross section, which defines the angular 

distribution of photoelectrons, is obtained by evaluating the electric dipole matrix 

element for the transition from the initial bound state to the continuum. The wave 

function of the bound state is characterized by principal quantum number n, 

angular momentum quantum number I and magnetic quantum number m. In a 

potential with spherical symmetry, it can be written as

Vn/m (r)=R„, (r)Y/m (d,<p) (2.1)

where R„/(r) is the radial wave function and Y/m (ft,(p) is the spherical harmonic.

The final continuum state is taken as a superposition of an incoming spherical 

and an outgoing plane wave, which can be expanded in products of spherical 

harmonics [6 ]:

4 \ ( r )  = 4 * X < 'V * G 1,.(r) £ r ; „ ( 0 ,<l>)Kr„ ( I?,p) (2 .2 )
r=o m=-r

with Gkl being the radial part o f the wavefunction of the /,h partial wave, the

corresponding phase shift, and the Y/m are spherical harmonics, where primes

distinguish the final (continuum) state. The spherical coordinates of k (electron
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wave vector) and r (electron position vector) are denoted by (k, ©,d>) and (r, 3, tp), 

respectively.

Let the interaction Harmiltonian between the atom and a radiation field be 

H ' . The angular distribution of the photoelectrons in single-photon ionization 

process is then proportional to the square o f  the absolute value of the matrix 

element

where is the initial state of the system, and ij/k is the wave function of the 

electron in the continuum. In the dipole approximation, we have

where E is the electric field of the light and i  is the polarization vector. Eq. (2.3) 

can be expressed as

If the optical field is linearly polarized and we take the polarization in the z 

direction, i.e. i= (0 , 0 , 1). then, e r = rcos«9 and the angular distribution in a 

single-photon ionization process can be explicitly expressed as

where ctt is total cross section for single-photon ionization, ($ is the asymmetry

(2.3)

H ' = - e E  • r = - e E s  • r ,

(2.4)

(2.5)

parameter that characterizes the PAD and P2 (cos©) = —(3cos2 0 -1 )  is the second- 

order Legendre polynomial.
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In multiphoton ionization processes, for linearly-polarized light the electron 

angular distribution can be expressed in a general form

atomic parameters and are independent o f light intensity; P2j are Legendre 

polynomials.

For two-photon ionization N=2, Eq. (2.6) becomes

In the conventional technique of measuring the angular distribution o f 

photoelectrons, the experimenters use linearly-polarized light to measure the 

photoelectron flux in the plane transverse to the laser beam. The axis of the 

quantization is determined by the direction o f the electric vector e  . The angle 0  

is then the angle between the axis of quantization and the axis of the photoelectron 

detector. The angle 0  may be varied by rotating the direction of the electric field 

vector with a half-wave plate or X/ 2  rhomb, while keeping the detector position 

fixed. See Fig. 2.5 for the geometry. With this experimental configuration one 

could obtain the angular distribution of the photoelectrons in a specific plane. 

Examples of the angular distributions from atomic rubidium using the 

conventional technique are shown in Fig. 2.6 [50].

The coefficients (32  and P4  can be obtained by fitting data to equation (2.7) 

(see the solid lines in Fig. 2.6). These coefficients are functions of three

^fiyPyiC O SQ ), (2.6)

where ctt(n) is so called generalized total cross section for N photon ionization. It is 

expressed in units of cm2NsN'';  the coefficients p2J are functions of microscopic

=  + P A  (cos©) + A  P4 (cos©)]
a ll  4k

(2.7)
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N&YAG

EL

Oy« Las«r

Figure 2.5: The experimental set-up for the measurement of 
photoelectron angular distributions by the conventional technique. 
The polarizer ( POL) and Fresnel rhomb (FR) rotate the direction of 
linear polarization of the laser output. Photoelectrons ejected in the 
direction of the aperture in the upper shielding plate are focused by 
the electron lens (EL) on to the channel electron multiplier.
(Y.-Y. Yin and D.S. Elliott, Phys. Rev. A, 47, 2881 (1993))
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X -  591.0 X -588.2 X - 585.2 X - 580.3

X -  571.0 x - 56ao X » 5503 X - 532.0

Figure 2.6: Examples of photoelectron angular distributions obtained by 
the conventional technique. The laser polarization is vertical in this 
figure. The smooth curves are least-squares-fitting to the data points (+). 
(Y.-Y. Yin and D.S. Elliott, Phys. Rev. A, 47, 2881 (1993))

parameters: the phase difference between the s- and ^/-partial waves, - £ d ,

the relative cross section of the s- and ^/-partial waves, CTs/ad, and the relative cross 

section for photo-excitation of two fine structure components of the <r/-wave. 

<t5 /2  /<7 3 / 2 . In order to determine the three atomic parameters from two

coefficients /32 and (34, additional measurements or theoretical results are required. 

Additionally, as we mentioned earlier, this measurement does not yield the phase 

differences directly, but its cosine value instead. The cosine function is bi-valued 

in the range 0 -  2n, so this ambiguity must be solved by some other methods. In
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order to help understand how to obtain the atomic parameters from the 

measurements of angular distributions with conventional technique we give a brief 

review of Yin and Elliott’s work [50] in Appendix A.

In order to show the influence o f the atomic parameters on the angular 

distributions, we plot several two-dimensional figures by changing the three 

parameters. Fig. 2.7 shows the pure 5 -wave (a) and pure d-wave (b). Fig. 2.8 ~ 

Fig. 2.10 show the superposition of the s- and d-waves. For the pure d-wave in 

Fig. 2.7b, the distribution has a null point at 0  = ±54.74° and ±125.26°, while for 

the superposition of the s- and d-waves, there is no null point for any o f the 

distributions showing on Fig. 2.8 ~ Fig. 2.10. Instead, each of them has four dips 

(see Fig. 2.8b for the details) between the main lobes and the side lobes. In Fig. 

2 .8 , the four curves represent angular distributions with the phase difference A^ = 0  

(blue curve), A£=7t/ 4  (red curve), A4 =7t/ 2  (dark blue curve) and A£=7t (green 

curve), respectively. The ratios of the cross sections are 0 5 /2 / 0 3 /2 = 1 1.5 and o s/o d 

=0.2 for all the cases. From this figure we see that the maximum flux of the 

electrons is along the laser polarization (z-direction). As the phase difference 

increases, the main lobes along the z-axis become larger and larger, while the side 

lobes (i.e. the side ring around the waist of the angular distribution) become 

smaller. When A4 =7t, the side lobes shrink to the minimum, and the main lobes 

increase to the maximum. In Fig. 2.9, we plot three distributions with the ratios of 

the cross section o s/ a d=0.1 (blue curve), os/o d =0.4 (red curve) and os/<rd =0.7 

(green curve); for each o f the three cases, 0 5 /2 / 0 3 3.=11.5 and the phase difference 

A^=tt/2. Increasing the ratio os/ od, decreases the main lobes and increases the side 

lobes. The distance of the opposite dips in the polar plot decreases with decreasing 

ratio os/o d. When a s/ od =0, the case o f pure d-wave, the four dips shrink to a null 

point (see Fig. 2.7 b). Fig. 2.10 shows the distributions with two different ratios of 

the cross sections between two D fine structure channels, 0 5 /2 / 0 3 /2 = 1 1 . 5  (blue
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curve) and ct5/2 / ct3/2 =1.5 (red curve). We maintain the phase difference A£=n/2 

and the ratio of cross sections cts/ crd =0.2 for both the cases. These plots indicate 

the influence of the fine structure of the two D channels. 0 5 /2 / 0 3 /2 = 1 . 5  is the case 

that the fine structure is negligible. This quantity affects the main lobes more than 

the side lobes. It is different from the other two parameters. Larger 0 5 /2 / 0 3 /2  makes 

both main lobes and the side lobes smaller, but the four dips separate farther.

From these figures we learn that the angular distribution is affected by any of 

the three atomic parameters. The influence of the phase difference between s- and 

d-waves and o s/ od on PAD is much greater than that of the ratio 0 5 /2 / 0 3 /2 . This 

can be seen from Fig. 2.10, as o 5/2 / o 3/2 changes from 1.5 to 11.5 (~ 8  times) the 

angular distribution only changes a little. The maximum of the main lobes increase 

~10% and that the side lobes decrease ~10%. This argument suggests that the 

phase difference and cts / a d can be determined more accurately than «t5/2 / CT3/2 

from measurements of the photoelectron angular distribution.
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a)

b)

Figure 2.7: The angular distribution o f  photoelectrons for 
a) a pure 5-wave and b) a pure d - wave.
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b)
4-dips in this figure

Figure 2.8: The effect of phase difference A£, on angular distribution, 
blue curve: A£=0, red curve: A^=7t/4 , dark blue curve: A£=Jt/2, 
green curve: A£,=rt, G5n / CJ3.2 =11.5 and crs / crd =0.2 for all the cases.
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Figure 2.9: The effect of a s/ a d on the angular distribution.
blue curve: crs/ a d =0.1, red curve: <js/crd=0.4, green curve: os/crd=0.7.
O5/2 / cr3 2 = 1 1.5 and the phase difference A^=7t/ 2  radian for all the cases.
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t z

Figure 2.10: The effect of a 5/2 / O3/2 on the angular distribution, 
blue curve: a 5/2 /ct3/2 = 1 1 .5 , red curve: ct5/2 /(T3/2 = 1 .5 . crs/<rd=0.2 
and the phase difference A<|=7t/ 2  radian for both the cases.
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2.5 Summary of the theory of photoelectron angular distributions 
in two-photon ionization with arbitrarily-polarized light

We have mentioned that the major disadvantage for the determination of 

atomic parameters using linearly-polarized light is that a single measurement of 

the PAD is not sufficient to determine all the three parameters uniquely. One has 

to use the data from other experiments or theory to supplement the measurement 

of the PAD. In order to perform a complete determination of the atomic 

parameters using our newly developed technique, a general theory of the 

photoelectron angular distribution resulting from the two-photon ionization of 

rubidium with arbitrarily-polarized light is required. Elliott extended 

Lambropoulos and Teague’s theoretical work [11] on the two- and three-photon 

ionization of alkali metals excited by linearly- and circularly-polarized light to 

include the case of arbitrarily-polarized light.

In order to describe the measurement of photoelectron angular distributions 

using elliptically-polarized light, we present the essentials of Elliott’s theoretical 

work [53]. Based on the extended theory, the photoelectron angular distribution 

resulting from the two-photon interaction of rubidium with arbitrarily-polarized 

light can be expressed as

da  m a 2(o2 \ic\
2  |r i - f e|+ 7 i '3>e |£3+r<.")£fr-, (2.8)dCl 2 ft 11 3 ^  ‘ U

where T~pq) are the spatial components of the two-photon transition moments. The 

indices i, j  =+ or - of the moments T~pq) represent the spins of the ground and final 

state electrons, respectively, and p, q= I or 3 represent the relevant spatial
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components, e, and e3 are two components of the unit vector e = €, x+ e3 z that 

describe the polarization of the laser field

assigned as the vertical direction in our experiment. Depending on the relative 

magnitude and phase difference of the two components e, and e3, the field may 

be linear, circular or elliptical, in a left-hand or right-hand sense. One polarization
•• A > m *

state of special interest in the present work is e= ie i *+ €  z , where and

II *

are real and positive, and This vector describes left-elliptically-polarized

light, where we conform with the convention of Bom and Wolf [61] for labeling 

the sense of rotation. In this state the z component leads the x  component, and the 

electric field vector rotates counterclockwise as a function of time as viewed by an
* ti

observer facing the laser source. The major axis of the ellipse is vertical for e 3> e t

y it „ y

and horizontal for e < e . By parallel arguments, the vector e= - i€ ,  + e 3 z

describes right-elliptically-polarized light, which rotates clockwise when viewed 

by the same observer

The explicit forms of these moments are

£(r,r) = E0 eexp[-/( tor -  (3y )]+c.c., (2.9)

where + y  is the direction of propagation of the laser beam and the z axis is

(2 .1 0 a)

t<!3+>=-j=ef&{2[ r2l( 0 , ■) ■- r 2_ t (0 ,4)) ]s5

-[K 2l(0,4») + F2_I(0,4»)]SArf}, (2 .1 0 b)
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rVll) =  j e ^ K oo(0,<&)57+e‘M ^ : r 2o(0 ,^ )5^

1
n/30

{[K22(0,ct>) + K2—2(0,<&)]Sj

- [ l r22(0,*)-K 2_2(©,<D)]SA<f} , (2 .1 0 c)

7+- = ^ e ^ Y 2l(e,<P)S^,

1

V5'
K2O(0 ,4 > )-^ /|k22(0,<1>) »A</’

(2. lOd)

(2 . 1 0 e)

r ( U ) = _ ,
1

n/30 (2.100

The - - ( -+ )  component is obtained from the + + (+ -) component by changing Y tm 

—» Y/.w and by changing the sign of the (13) component. The reduced two-photon 

transition moments S7 represent the average transition moment for excitation of 

the S continuum,

ST =(5, + 2S ,)/3 , 

the average transition moment for excitation of the D continuum,

S? =(5S3+S4+9S5)/15,

and the asymmetry between the transition moments for the D5/2 and D3/2 waves,

=(5S3 +S 4 -6 5 S)/15.

The notation Si ~ S5 represent the radial transition moments for the various 

intermediate and final states for the two-photon transitions. We have discussed this 

notation in preceding section. In the case of linearly-polarized light, Eqs. (2.8) and 

(2.10) reduce to a special form of Eqs. (Al) and (A3), respectively, (see Appendix 

A).

The general definition for these moments
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s = 4ir̂  { f \ r \ n p 2P j ) ( n p 2Pj \r \g)
(2.11)

n

was originally used by Lambropoulos and Teague [ll]. ( / |  is one of the three

outgoing channels e s ~S[n , £ d 2D3/2 ,or e d 2 Dsn > and y'=l/2 or 3/2 is the 

electronic angular momentum of the intermediate state.

The total photoionization cross sections for the three channels can be 

obtained by integrating the angular distribution of Eq. (2.8) over all angles, 

yielding

For linear polarization the second term in Eq. (2.12) vanishes. The two-photon

(2 .12)

cross sections, cts, a 3/2 , and cy5/2 , for photoionization into the e s  2S\n , £ d 2D^n_ .or 

e d 2Dsn. channels, respectively, and the total cross section for the d-wave, atl = 

<*3/2 + <*5/2 can then be expressed as the following forms

(2.13)
ma2<t)2\k\ 12 

fi 225Ss'
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In the absence of spin-orbit coupling in the intermediate or continuum states, SL 

=S2 and S3=S4 =S5 (refer to Figs. 2.3 ~ 2.5). The relation, S3=S4=S5, yields

CT5/2= l.50'3/2.

For circular polarization, with ±ie[=e3=i/ > / 2  , the polarization factor in Eq. 

(2 . 1 2 ), (e, ej — ej e3) 2 becomes — 1 , the excitation of the s-wave vanishes (the two 

terms with Sj are cancelled), while the excitation rate of the d-wave increases by 

a factor of 1.5 over that for linear polarization. For any other polarization state, the 

effective cross section for the partial waves lies between these two extremes.

Based on the general formula (2.8), we can plot the photoelectron angular 

distributions with any polarization. Examples of three-dimensional angular 

distributions for two-photon ionization, resulting from three different polarization 

states of the optical field, are shown in Fig. 2.11. These distributions correspond to 

(a) linearly-polarized light, (b) right-elliptically-polarized light, and (c) circularly- 

polarized light. In each case, the laser beam is propagating in a direction nearly 

normal to the plane of the page (the +  y  direction). The distribution for linearly- 

polarized light is symmetric about an axis parallel to the laser polarization (i.e. the

Figure 2.11: Examples of calculate photoelectron angular distributions 
for (a) linearly-polarized light, (b) right-elliptically-polarized light, 
and (c) circularly-polarized light. The propagation direction of laser 
beam is nearly into the plane of the page.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

z axis in Fig. 2.11), while that for circularly-polarized light is symmetric about the

angular distribution for elliptical polarization is reduced, but inversion symmetry 

about the origin is still evident. The asymmetry of this distribution reverses as the 

sense of the elliptical polarization is reversed.

Now we discuss the advantage of using elliptically-polarized light in the 

measurements of multiphoton ionization process, specifically, its unique ability to 

establish a complete measurement. It is instructive to reduce the general 

expressions for dcr/dCl given in Eqs. (2.8) and (2.10), valid for all angles 0  and d>, 

to the form restricted only in the x-z plane, i.e. <I> = 0  or n, and with the limited
f t  9 II  9

polarization state defined earlier, € , =ie and e ,= e , where e and e are real.
1 1 J 3 1 3

This is a elliptically-polarized light. (We remove our previous restriction that
• » »  II 9

and are positive, allowing the sign of to indicate the sense of rotation

of the field vector.) The angular distribution in this plane then takes the form

axis defined by the laser propagation direction (the y axis). The symmetry of the

— 2 i e ‘t<‘S j  sin 0  cos 0  e" £ 3

-  3 cos2  0 - 2 ) ) e f

+  | — sin© c o s 0 (€ 3 2 +e"2)

(2.14)

This equation can be expressed as a harmonic series
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dcr marar\k\
a0( 1 +a2 cos 2 0  + a 4 cos 4 0  +b2 sin 20), (2.15)dCl 47rh

where

(2.16a)

a2 = - l s l / 2 -S ;S 3 cos(^“ fo)3 ( 4- 4). (2.16b)

(2.16c)

(2.16d)

The coefficient a0 only affects the overall amplitude of the photoelectron flux, but 

does not influence the shape of the angular distribution, which is determined 

completely by the three coefficients a2, a4, and b2. These three coefficients are 

uniquely defined in terms of the ratios of reduced transition moments 5F/S 7 and

S ^ /S r7, and the phase difference £>•-&/, or equivalently crs/<rd , 0 5 /2/0 -3/2 , and £v - £/.
9 11

In the case of linear vertical polarization, which corresponds to e^= 1 and e( = 0,

the coefficient b2 vanishes. This distribution is symmetric about the z axis (see 

Fig. 2.11a). A measurement of this distribution alone is sufficient to determine 

only two of the three atomic parameters. We have already discussed this important 

point earlier. We have also mentioned that since this distribution depends on cos(£, 

- 6</), not on the phase difference itself, an additional ambiguity results. However,
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9 I t

use of the elliptical polarization ( *  €( , and each nonzero!) will yield an

asymmetric angular distribution whose only symmetry is upon inversion about the 

origin. The coefficient b2 is not equal to zero in this case. The three fitting 

coefficients a2, a4, and b2 uniquely determine the angular distribution, and hence 

all three of the atomic parameters can be determined simultaneously.

In the experiments we describe in this thesis, we collect photoelectrons 

ejected in all directions, not limited to the x-z plane. These 4k  solid angle 

distributions are, of course, also sensitive to the ellipticity of the laser polarization, 

and our measurements exploit this to make our complete determinations.
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CHAPTER3

A NEW TECHNIQUE FOR MEASUREMENT OF PAD

This chapter describes the essentials of the technique we developed for the 

measurement of photoelectron angular distributions and the principle of the 

determination of atomic parameters. We discuss three parts of this technique in 

this chapter:

1. A specially designed micro-channel plate (MCP) electron detector, which 

collects the photoelectrons and forms a two-dimensional image on a 

phosphor screen of the MCP assembly.

2. Analysis of the trajectories of the photoelectrons for calculated images.

3. The data acquisition system.

We use this technique to carry out the complete measurements of two-photon 

ionization of rubidium as well as the quantum interference measurements with 

two-color laser fields.

3.1 Introduction
The first goal of the research discussed in this thesis is to develop a technique 

for determination of microscopic atomic parameters without relying on any other 

sources. To accomplish this goal we have developed a new approach to collect the 

photoelectrons for the measurements of angular distributions and introduced the 

use of elliptically-polarized light (as described in Sec. 2.5) to make the 

determination possible. In this chapter we describe this technique and the benefits 

it presents over the conventional method.
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The conventional technique for measuring the angular distribution has 

encountered some problems. In this technique, the electrons are collected in a 

plane transverse to the laser beam by a single channel electron detector at different 

angles. This is customarily accomplished by fixing the detector in the vacuum 

chamber and rotating the laser polarization [e.g. 15, 25, 26, 32, 33, 49, 50]. The 

measured angular distribution is actually only a two-dimensional polar plot in a 

plane perpendicular to the laser direction. This polar plot is only a cross section of 

a 3-dimentional distribution (see Fig. 2.6). Because of this limitation, one could 

lose some information necessary to determine the atomic parameters and introduce 

a large uncertainty of the extracted quantities. Furthermore, only linearly-polarized 

light is used for the experimental convenience. This configuration leads to a 

problem that the three atomic parameters cannot be determined by these 

measurements alone. It must be augmented by results from another experiment or 

data from theory. Another drawback is that this experiment does not yield the 

phase differences directly, but its cosine value instead. Since the cosine function is 

bi-valued in the range 0  ~ 2n, this ambiguity must be resolved by some other 

methods. In a recent theoretical work, it is pointed out [77]: “ ... In principle these 

quantities could be indirectly determined by measuring PADs and fitting 

theoretical curves to them. However, experimental errors could lead to the large 

uncertainty of the extracted phase shift after fitting. More importantly, apart from 

such an experimental uncertainty, there is a serious problem in the use of the PAD 

technique for determining phase shifts; for example, for nonresonant two-photon 

ionization of alkali-metal atoms from the s state, there are two fitting parameters, 

while three parameters are theoretically required for the unambiguous 

determination of phase shifts... If the spin-orbit interaction is not negligible, three 

independent physical quantities cannot be extracted from the two fitted quantities, 

i.e., the PAD technique faces a serious problem.”
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The technique we developed thoroughly solved these problems. It is 

completely different from the conventional technique, and includes two new 

developments: a detector fo measure the angular distribution by collecting the 

photo-electrons emitted into a 4n steradian space and the use of elliptically- 

polarized light in making a unique determination of the three atomic parameters.

With our technique, there is no need to rotate the polarization of the laser field 

while collecting the data, as the electrons ejected into the entire 4ti steradian solid 

angle are collected by a Micro-Channel Plate (MCP) assembly and projected onto 

its phosphor screen. Each photoelectron creates a bright spot on the phosphor 

screen (refer to Fig. 3.1). After accumulating the electrons over thousands of laser 

shots, a two-dimensional electron image forms on the phosphor screen. The image 

is recorded by a CCD camera and stored by a computer. This image represents the 

angular distribution of the photoelectrons and allows us to determine the three 

microscopic parameters of the rubidium atom in the photo-ionization process.

The other critical distinction with the conventional technique is that we use 

elliptically-polarized light to measure the angular distribution instead of using 

linearly-polarized light. It is unique in that using elliptically-polarized light can 

constitute a complete photo-ionization measurement. With linearly-polarized light 

in the measurements the two fitting parameters are not enough to extract the three 

atomic parameters as mentioned above, while with elliptically-polarized light, 

there are three fitting parameters to fit the angular distribution images. In our 

analysis, we first create a theoretical image based on the experimental conditions 

using elliptically-polarized light, and then we fit the calculated image data to the 

measured image data by adjusting the three atomic parameters. These three 

parameters are determined simultaneously with the best fit of the calculated image 

to the measured image. We will discuss the details of this method in Chapter 5.

These measurements represent a complete determination of the relative 

photo-ionization cross-sections and continuum wave function phase differences
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interfaced to a laboratory computer to record the images on the phosphor screen 

and use a monitor to observe the bright spots on the screen. The brightness of the 

spots depends on the voltages Va and V0. We find that the voltage on the phosphor 

screen Va controls the brightness of the electron images more than the output 

voltage V0 does. The image should be taken with adequate brightness of the spots 

and with discrete spots showing on the monitor.

Fig. 3.2 is a photograph of the detector in the vacuum chamber.

This detector was originally introduced by Helm et al [52]. In order to 

measure asymmetric angular distributions, we had to modify his original design. It 

is well known that there are two parabolic trajectories that start from the source 

(i.e. the interaction region) and strike the micro-channel plate at the same point. In 

the case of asymmetric angular distributions, it is necessary to separate the 

electrons initially ejected in all directions to preserve the asymmetric property of 

the image on the phosphor screen of MCP. The image is a two-dimensional 

projection of the photoelectron angular distribution. This is very important for us 

to extract the correct atomic parameters from the images. The original apparatus 

failed to do this. We have successfully made a modification to separate the 

overlapped electrons on the two-dimensional distribution images by using very 

low field strengths in the region between the two field plates, and by keeping the 

interaction region near to the upper plate (5.5 mm). The distance between the two 

meshes is greatly reduced from 10 cm in the original design to 1.35 cm, and the 

acceleration field strength is reduced from 80 V/cm to -1 V/cm. This is a critical 

accomplishment for the experiment in our studies.
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Figure 3.2: Micro-Channel Plate assembly in the vacuum chamber 
(Top view)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

For comparison, we show two images in Fig. 3.3 produced with our modified 

detector (Fig. 3.3a) and the one similar to Helm’s design (Fig. 3.3b). These two 

images are taken both with linearly polarized light, 45 degree from vertical. We 

see that the image in Fig. 3.3a) clearly shows the asymmetric structure with a 

bright spot and a ring. However, Fig. 3.3b) shows a nearly symmetric image. The 

bright spot and the ring disappear. The corresponding angular distribution that 

produces the images is plotted under the images. We will discuss the reason for 

this difference in next section.

a ) b)

Figure 3.3: Images taken with a) our modified detector and b) the 
detector of Helm’s design. The laser light is linearly polarized, 45° 
from vertical. The corresponding angular distribution is plotted 
under the images. The image in a) clearly shows the asymmetric 
structure with a bright spot and a ring. However, the image b) is a 
nearly symmetric, and the bright spot and the ring disappear.
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3.3 Analysis of trajectories of photoelectrons for calculated images

In order to calculate the theoretical image we need to map the trajectory of 

the photoelectrons traveling from the interaction region to the phosphor screen of 

the Micro-Channel Plate assembly. Assuming a photoelectron ejected at an initial 

angle (0 ,0 )  (refer to Fig. 3.4) with initial kinetic energy e and mass m, the initial

velocity of the electron is v = V 2 e 7  m . In our experimental set-up, the uniform 

electric dc field is anti-parallel to the z axis, therefore the direction of the 

acceleration of the electron is in z direction. The magnitude of the acceleration is 

eVa =  , where D =1.35 cm is the spacing between the two mesh plates. The
mD

angle between the initial momentum of the photoelectron and the uniform field is 

the same as the polar angle 0 . The equation of the motion of the electron yields

The meanings of the parameters in Eqs. (3.1) and (3.2) are: 

d -  0.55 cm — the distance between interaction region and upper mesh, 

v. and vr — the z and the radial component of the velocity, respectively, 

r— the transverse distance from the interaction region to the landing point of the 

electron on the upper mesh (see Fig. 3.4),

(3.1)

and

r = v t

(3.2)
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V — the potential difference between the plates, 

e — the electronic charge, and

t — the time required for the electron to reach the upper mesh from the interaction 

region.

Substituting into Eq. (3.1) with

Solving this equation, the transverse distance r can be expressed as a function of 

the experimental parameters and 0 ,

from Eq. (3.2), we have

r~ + s in @ co s0 r-rfs in "0 = O
4 eD

(3.3)

z
r

Upper mesh 
(grounded)

initialD

Interaction
region

Lower mesh -V

Figure 3.4: Trajectory of the electron in the region between the 
two mesh plates (not scaled).
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Alternatively, we can write an expression for © in terms of r from Eq. (3.3)

0 = 1
2

arccos
\

Vl + (r/</)2
± arccosr \-(eV d /2 eD )(r ld ) 2 '

\ *Jl + ( r /d ) 2
y-J

(3.4)

From this equation, we see that each r corresponds to two values of 0 ,  as expected 

for parabolic trajectories. After passing through the mesh, the electrons are 

rapidly accelerated toward the micro-channel plate by a high field (190 V/cm). 

This field is created by a bias voltage (95 V) between the bottom side of the MCP 

and the upper mesh, which are separated by -*5 mm (see Fig. 3.1). This design 

avoids any apparent further transverse motion of the electrons, r therefore can be 

considered to be the distance between the center of the image and the landing 

point of the electron on the phosphor screen.

Referring to Fig. 3.5, we can write the differential relative intensity of 

electron signal detected by a pixel of the CCD array as

dO.
* , j =  —"  dQ dA

AA F -(r ,t)p atdVdt, (3.5)

where da/dQ is the magnitude of the photoelectron angular distribution in the 

direction that electrons project onto the pixel with indices i, j, \dCl/dA\AA is the 

solid angle that maps into the pixel area AA, F(r,t) is the photon flux in the 

interaction region, and pat is the density o f the atomic beam. The integrals are 

taken over the entire interaction volume and the pulse duration. For two photon 

ionization, the rate is given by W=cr2F2, where Wls expressed in reciprocal second, 

oi is the generalized 2-photon ionization cross section in cm4 s. The photon flux is 

expressed in photons cm'2 s‘l. Based on these units we can verify that the 

differential relative intensity of signal dl;j in Eq. (3.5) is dimensionless.
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Integrating Eq. (3.5) over the entire interaction region and over the laser pulse 

duration, we obtain the relative intensity of the average signal detected by each 

pixel

d a
dQ

dCl
clA

AAF2(r,t)pMdVdt (3.6)

z

Im age P lane

Interaction
Region

x

Figure 3.5: Mapping the trajectory of photoelectrons onto 
image plane
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Because the interaction volume is very small compared with the dimension of the 

geometry of the detector, da/d£2 and \dQ/dA\AA can be taken out of the integral. 

The approximation of Eq. (3.6) can be written as

d Q

d A
(3.7)

The factor jvd v jF 2(r,t)plttdt is difficult to determine with high precision, but can

be considered as a constant when the laser intensity is stable. It only affects the 

overall magnitude of the signal. Eq. (3.7) becomes

■AA. (3.8)di7 dQ
dQ dAr i.j -

Based on this equation we can calculate each pixel value (relative) /,. . of an image

on the phosphor of MCP, and hence the entire image, da/dft can be calculated by 

the angular distribution formula Eqs. (2.8) and (2.10). The pixel area AA on the 

image plane depends on the image size and the pixel area of the CCD array A A Cc d  

= 8.4 pm x 9.8 pm. Because we measure the relative pixel value (relative 

intensity), we consider AA as an adjustable constant when processing data. 

Therefore it is not necessary to know the area of each pixel for each image. 

Finally the term

dQ _  sin QdQdd? _  sin QdQ 
dA rdrd<5> rdr

dQw here can be expressed as an explicit form by differentiating Eq. (3.3)
dr

dQ eV
dr 2 sD

r

eVd
COS~Q-i--------------C O S 0

eD

sin20
yj cos2 Q+eVd/eD

+ co s0

(3.9)
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Then we have

dQ _  sin 0</0</4> 
dA rdrd<t>

\
H---------------C

eD
y

(3.10)

sin2 0
4 -C O S 0

yjcos2 O + eVd / eD y

In conclusion, using Eqs. (2.8), (2.10), (3.8), and (3.10), we can calculate the 

image for any polarization state of the laser based on the experimental and atomic 

parameters.

We can also determine the radius of the image in the plane of the phosphor 

screen by differentiating Eq. (3.3) and letting -^ -  = 0, yielding

Based on this analysis, we can explain why the Helm’s original design failed 

to work for our measurements. Let’s look at an example. From Eq. (3.3), the 

electrons ejected at an angle 0  and those ejected at an angle rc-0 strike the 

phosphor screen at different locations r. The distance between these two points is

In our apparatus, D=1.35 cm and V~ 1 V. For an electron energy e = 0.25 eV 

(X=560 nm) and 0=45°, A r=6.8 mm. This is a large separation, easily resolved on

dQ

rrmax
2eDyJ\+eVd/eD 

eV
(3.11)

A r =  sin2 0
eV

( 3 - 1 2 )
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the image. For the detector employed by Helm et al. [52], D =10 cm and V~ 800 

V. At £=0.25 eV and 0=45° for this detector A r=0.06 mm. We can clearly see 

the difference between these two designs. With Helm’s apparatus, this distance Ar 

is about 100 times smaller than that in our experiments. In other words, the 

separation on the phosphor screen, for the electrons ejected at an initial angle 0  

and 7C-0, is 100 times smaller for Helm’s design. In this design, the electrons 

ejected from the two directions are actually overlapped on the phosphor screen. 

This is critical for our measurements, as we must separate the electrons ejected in 

all directions to preserve the asymmetry of the photoelectron angular distribution 

created with the elliptically-polarized light in the two-dimensional image on the 

phosphor screen. Even for the images obtained with linearly-polarized light, we 

observed the difference between the images obtained by Helm’s apparatus and our 

modified one. As we mentioned in Sec. 3.2, the two images in Fig. 3.3, which 

were taken with linearly-polarized light oriented at 45° from vertical, show 

different patterns. Image a) taken with our modified detector shows an asymmetric 

structure, and the ring is clearly seen; while the image b) taken with the detector 

similar to Helm’s original design (D =5.5 cm, V~ 31 V) look nearly symmetric and 

the ring disappears, which can be explained as follows. The electrons ejected from 

the upper lobe of the angular distribution (see Fig. 3.3b) are initially toward the 

directions around 45° from vertical, but the electrons in the lower portion of the 

ring eject with the directions around K -  45°. In our detector, these electrons are 

easily separated, but with Helm’s detector geometry, the electrons from these two 

portions are actually overlapped in the left region of the image. The same 

argument applies to the right region of the image. This is the reason why the ring 

disappears and the image is nearly symmetric.
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3.4 Acquisition of data

A schematic diagram of the data acquisition system is shown in Fig. 3.6. A 

photodiode is used to generate a train of electronic pulses (10 Hz) synchronized 

with the pulsed laser light. A trigger generator converts the pulse sequence into 

two TTL pulse (5V) trains, which trigger the camera and the video card (Falcon 

Super VGA Frame Grabber in the PC), respectively. The TM-7AS camera has an 

electronic shutter with various shutter rates. The benefit of using a camera with a 

shutter is that this avoids the background caused by the laser light. The width of 

the pulses and the delay between the two pulse sequences can be adjusted 

separately. The camera trigger is delayed by 35-40 ms with respect to the frame 

grabber trigger (i.e. the trigger pulse goes to frame grabber first).

The screen phosphorescence is accumulated on the charge-coupled-device 

elements of the camera. The video signal is sent to the frame grabber to be 

converted from the analog to digital form and the data is stored in the Frame 

Buffer memory. A data acquisition program interfaces to the Falcon frame grabber 

(video card) via library routines provided by the video card manufacturer. The 

purpose of the program is to grab an image area from video memory (frame buffer 

in the Falcon frame grabber) when an external trigger (TTL trigger as shown in 

Fig. 3.6) is applied to the video card and add the image data to the previously 

captured images of the same area in video memory. In this way, a composite 

image of a certain area (180x180 pixels) of the screen can be obtained. The Falcon 

video card acquires an RSI70 standard video signal at 640x480 (pixels) 

resolution. Once the data acquisition is complete, the summation buffer is 

normalized to 255. Both the normalized and unnormalized data are saved as 

ASCH files. The images in Fig. 3.3 are recorded using this mode.

The frame grabber has a Brooktree BT252 analog-to-digital converter, which 

converts the video signal to 256 voltage levels. A programmable gain and offset is
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Figure 3.6: Block diagram for data acquisition system
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provided with the frame grabber. According to the Falcon Tool Box User’s Guide 

of the frame grabber, “The gain and offset adjustment is provided by setting the 

lower and upper voltages of the video input. Digitization converts the 256 voltage 

levels between lower and upper limits into a pixel value from 0 to 255.” We used 

two kinds of settings for the voltage levels. One starts from 0, say 0-80. In this 

case, a 0 value corresponds to 0 volts; a value of 80 corresponds to 0.375 volts and 

all other values can be arrived at by linear interpolation. The other setting starts 

from a non-zero value, say 23-40, which is equivalent to 0.108 V-0.188 V. We 

call the 0-80 setting the zero-starting setting and the 23-40 setting the non-zero- 

starting setting. For both of these settings, the video signal detected by each pixel 

is a relative value. This value could be influenced not only by the settings 

mentioned above but also by many other factors. These factors include any non­

uniformities of gain of the MCP detector, the phosphor screen, or the CCD array 

in the camera. In order to decrease the influence of these factors on our images, we 

use the non-zero-starting setting to take images for data analysis. We will see soon 

that this setting is better for collecting the data for quantitative analysis.

In order to explain the difference between the two settings we draw two 

graphs in Fig. 3.7. The horizontal axis represents the voltage setting whose range 

is 0-255 voltage levels (or 0-1.2V); the vertical axis represents the pixel value 

from 0-255. For the zero-starting setting, (Fig. 3.7a) the lower limit of the voltage 

range is 0. In this case all signals, including the background signal, with voltage 

less than the upper limit Vuppcr are amplified and recorded linearly. (The recorded 

pixel value is equal to the input voltage level.) For the non-zero-starting setting 

(Fig. 3.7b), a signal with voltage less than lower limit Vlower will be cut off and 

given a zero pixel value; a signal between the voltage range Vlower~Vupper is 

assigned a pixel value that is proportional to the input voltage level minus the 

lower limit (see Fig. 3.7b). A voltage equal to or greater than the upper limit 

corresponds to a pixel value of 255 for the both settings. In other words, when the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

computer algorithm converts the relative intensity value of each cluster to the 

number “1”, and places the “1” at the pixel closest to the center of the cluster. We 

call this recording scheme the threshold detection scheme.

An example of the raw images on the phosphor screen taken by only a single 

laser shot is shown in Fig. 3.8. The horizontal axes are the array number of the 

pixel elements. The vertical axis is the recorded signal intensity of each pixel in 

the array after subtracting the background image, determined by blocking the 

atomic beam. The image shown in Fig. 3.8 (a) is collected in a zero-starting 

setting with the voltage range of the video input setting 0-80. Under this setting, 

we see that this image still contains a strong background even after subtracting the 

background image data. The large peaks covering several array elements 

correspond to the single electrons, while the small peaks are the remaining 

background noise. The images in Fig. 3.8 (b) and (c) are both recorded with non- 

zero-starting setting with the lower and upper voltages of the video input being 23 

and 40. We see that these images have much less background. But the image in 

Fig. 3.8 (b) is recorded with linear scheme, and the pixel value is the normalized 

data. The maximum value is 255; while Fig. 3.8 (c) is taken with the threshold 

detection scheme. We see that all the pixel values at the central location of each 

electron cluster are converted to “1”. Each peak in these images presents a single 

electron. In Fig. (c), the sum of the pixel values in each image is actually the 

number of the electrons. Figs. 3.8 (b) and (c) represent different data sets. We use 

non-zero-starting setting and threshold detection scheme to take images for data 

analysis.

The PC is able to analyze the image for each laser pulse, and add the result to 

the accumulated image in less than 0.1 s, the time between successive laser pulses. 

We find that this detection scheme is essential for quantitative analysis in our 

measurements, as the image distortions introduced by the irregularities of the 

factors mentioned above are eliminated.
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In our experiments, we take images at nine different wavelengths and 

different polarization states of the laser. At each wavelength, we accumulate data 

over 8000~ 25000 laser pulses for an image. Each image consists of approximately 

105 electrons with approximately 10-20 electrons for every laser pulse to avoid 

overlap of the electrons and space charge effects, which could affect the parabolic 

trajectory of the photoelectrons as they travel toward the upper mesh plate.

Figure 3.8: (a) Raw image taken by a single laser shot. The horizontal axes 
indicate the number of pixel elements (128x128). The vertical axis is the 
brightness of each pixel. This single shot image is recorded using the zero- 
starting setting with the voltage range of the video input setting 0-80, 
which is obtained by subtracting the background image data from the row 
image data. It is clearly seen that the image still has a strong background 
and each peak contains several bright pixel elements.
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Figure 3.8 (continued): (b) and (c): Raw images taken on a single laser shot 
(different data) with the non-zero-starting setting (the voltage range of the video 
input is 23/40). The horizontal axes indicate the number of pixel elements 
(64x64). The vertical axis is the brightness of each pixel. Each peak represents a 
single electron. In Fig. (b), the data are taken with linear scheme. It is clearly 
seen that each peak contains several bright pixels and the peaks have different 
heights. In Fig. (c), the data are taken with threshold setting all the pixel values at 
the center location of each electron are converted to l, so that the height for all 
peaks is l and each peak contains only one pixel.
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3.5 Sample images taken with various polarizations of the laser light

Now we show some examples of photoelectron images taken by laser light 

with different polarization states in Fig. 3.9. For all the images, the laser beam 

propagates in the y direction [refer to the coordinate frame in Fig. 3.9 (c)]. These 

images are produced by the electrons with the angular distributions shown in Fig. 

2.11. For the three images produced with linearly-polarized light in Figs. 3.9 (a) ~ 

(c), the two bright areas, labeled Mu and M(, on the figures corresponding to the 

two lobes in the angular distribution along the direction of polarization, and the 

ring are clearly seen. With the vertically-polarized light (Fig. 3.9a), the upper lobe 

of the angular distribution is projected upward, the lower lobe is downward. The 

electrons from the two lobes are projected onto the image screen directly above 

the interaction region and created the central bright spot. The electrons comprising 

the ring around the axis initially travel outward within a small angle with the 

horizontal plane. Due to the uniform dc electric field, they project onto the image 

plane to form a perfectly circular ring. With the laser polarization still linear, but 

rotated 45°, the two bright areas separate, as seen in Fig. 3.9 (b). The maximum 

(M u) corresponding to upper lobe is shifted slightly to the left. The electrons in the 

lower lobe initially travel down and to the right in the uniform field, but have more 

time to spread out before reaching the image plane, forming a more diffuse area 

(M i). In this case, the ring is not perfectly circular, but still clearly visible. The 

final sample image for linear polarization is shown in Fig. 3.9 (c), corresponding 

to horizontal polarization. In this case the two lobes form two bright areas on the 

left and right symmetrically, while the ring forms a single band across the center 

of the image.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55

Figure 3.9: Several examples of images on the phosphor screen of 
MCP assembly created with different polarizations of light. The 
polarizations are (a) linear, horizontal, (b) linear, -45° from vertical, 
(c) linear, vertical, (d) circular, (e) left-elliptical, major axis horizontal, 
and (f) left-elliptical, major axis vertical. (The dark point in the lower 
right region of each image is a damaged spot on the phosphor screen.)
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The images created by elliptically-polarized light are more complicated. 

They are characterized by the asymmetric distribution that might be understood 

from the angular distributions shown in Fig. 2.11 (b). The major axis of the ellipse 

is vertical for Fig. 3.9(d) and horizontal for Fig. 3.9(e). The dark band on the 

image resulted from the local minimum in the upper side of the distribution. The 

image in Fig. 3.9(f) generated by circularly-polarized light has a single bright band 

with two black areas located on both sides symmetrically. The image might be 

understood by the doughnut-shaped angular distribution in Fig. 2.11(c).

These images were taken using the linear detection scheme with zero-starting 

setting. In this image, we simply sum the images by adding the pixel value over a 

large number of laser pulses. When the zero-starting setting was used, there was a 

strong background as mentioned earlier. We measured the background image by 

blocking the atomic beam immediately after taking the image. In order to show the 

images, we subtract the background data from the raw image data. It is clearly 

seen that, in Fig. 3.8a), the image still has non-negligible background because the 

zero-starting setting makes the measurement more sensitive than non-zero-starting 

setting to collect the background noise and to record non-uniformities in the 

detector or CCD array. And this is a linear detection scheme. With this scheme, 

we find a 10% variation from one side of the image to the other. This problem will 

make the data impossible to fit well with a theoretical image because the linear 

detection scheme records the non-uniformities of the phosphor screen or CCD 

array. Therefore, the image does not reflect the right angular distribution of 

photoelectrons. Indeed, the images in this figure could not be fitted well by any of 

our theoretical images, although they appear to be reasonable qualitatively. The 

benefit for the threshold detection scheme is that it eliminates the non­

uniformities. In other words, for threshold detection scheme, the pixel value is “1” 

for each single photoelectron. This character makes the same value anywhere on
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the image, regardless of how the gain of the detector may vary across the image. 

This is the major reason to use the threshold detection scheme.

On the other hand, in each of the images shown in Figs. 3.8a) and 3.8b), 

which are recorded by linear detection scheme, the pixel values are not normalized 

to “1”. As we have mentioned earlier, each bright cluster peak indicates a single 

electron. A single laser shot creates a number of clusters with different heights. 

Therefore after accumulating the data with thousands of laser shots, the 

summation of image pixel value in a specific area may not indicate the number of 

electrons located in this area, even though collecting data with thousands of laser 

shots may reduce the influence statistically.

For quantitative analysis, the image has to be taken by the threshold 

detection scheme with each pixel value normalized to “1” (see Fig. 3.9c) for each 

single laser shot as stated in the previous section. In order to obtain the atomic 

parameters from the measured image, we then create a calculated image based on 

the parabolic trajectory of the photoelectrons from the interaction region to the 

phosphor screen as we have described in Sec. 3.3.

We will show some of the images taken by threshold detection scheme and 

describe the details for deriving the atomic parameters based on these images in 

Chapter 5.
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CHAPTER 4 

EXPERIMENTAL SET-UP

In this chapter, we describe the details of the experimental apparatus, 

including the laser system, the vacuum system, the generation of the atomic beam 

and the influence of the earth’s magnetic field on the trajectories of photoelectrons 

and its cancellation. We use this equipment for our complete measurements of 

two-photon ionization in rubidium atom, as well as the experiments of quantum 

interference with two-color laser fields.

4.1 The laser system

The dye laser system used in the experiment consists of a tunable oscillator 

and three stages of amplification, pumped by the output (532 nm) of a frequency- 

doubled NdrYAG (neodymium-doped yttrium aluminum garnet) laser (Laser 

Photonics). The dye laser oscillator is of the Littman design [51], a short-cavity, 

longitudinally pumped configuration. It consists of an end mirror, a dye cell, a 

diffraction grating (2400g/mm), and a tuning mirror. The laser cavity is very short, 

only ~5 cm long. A small portion (~3%) of the 532 nm laser beam is split off from 

the main beam and is focused to 0.2-0.3 mm at the center of the 2-mm path length 

dye cell using a 450 mm focal length lens. The pump pulse energy was kept below 

lmJ/pulse to prevent damage to the dye cell and to provide stable operation of the 

oscillator. The laser output is derived from the zeroth-order reflection of the 

diffraction grating. With this short cavity, longitudinally-pumped dye laser
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oscillator, the output is measured to be 1-3 longitudinal modes in a nearly-lowest- 

order Gaussian transverse mode.

The amplifiers are longitudinally pumped in a 0.75 in. diameter aperture, 0.25 

in. thick, Brewster-angled, laminar flow dye cells. We use two dye cells for the 

first and second stage of amplification, respectively. A temporal delay of about 4 

ns between pumping the oscillator and the first amplifier compensates for the 

build-up time of the laser pulse in the oscillator and reduces the loss of 

fluorescence in the amplifier. The delay between pumping the adjacent two 

amplifiers is about 2 ns.

Three mixtures of dyes were used in the experiments to cover the range of the 

wavelengths from 540 nm to 590 nm at eight different wavelengths. Fluorescein 

548 in methanol + base (NaOH 200 mg/1) at the concentration of 1.6x103 M (642 

mg/1) and 8.7xl0'4 M (349 mg/1) was used for oscillator and amplifiers, 

respectively, with maximum lasing wavelength at 546 nm; Rhodamine 590 (R6G) 

in methanol was used at the concentration of 1.4x10‘4 M (76 mg/1) for the 

oscillator and 5.5xl0's M (30 mg/1) for the amplifiers with maximum lasing 

wavelength at 560 nm; and Rhodamine 610 in methanol at 1.6xlO'4M (85 mg/1) for 

the oscillator and 7.9xl0‘5 M (43 mg/1) for the amplifiers with maximum lasing 

wavelength at 582 nm.

The energies of 532 nm pump laser beams and the dye laser output we have 

used in the experiments are listed in table I.

Table 4.1: Laser energy

Stage of dye laser Pump energy Dye laser output
Oscillator 0.4 ~ 0.8 mJ 30 -  100 pJ
First stage amplifier 5 ~ 10 mJ 0.5 ~ 1 mJ
Second stage amplifier 15 ~ 25 mJ 2 - 5  mJ
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4.2 The vacuum system

The vacuum system consists of two chambers, the oven chamber and the 

interaction chamber. The former contains an oven and nozzle assembly that serves 

as the rubidium atom source. The interaction chamber contains the Micro Channel 

Plate (MCP) detector assembly and the pair of field plates that we have described 

earlier.

A high vacuum environment is a critical requirement for both chambers, 

especially when UV light is used in the interaction chamber since the ionization of 

residual gas by the UV light can influence the measurements of the electron 

angular distributions. Each vacuum chamber has an ion gauge to measure the 

pressure separately. We pre-evacuate the entire system to a pressure of ~10 2-10'3 

Torr using a mechanical pump. Then we further pump the oven chamber by a 

diffusion pump with a liquid nitrogen cryotrap to reach a pressure of -  2x10 Torr 

when the oven is cool and ~2xlCT7 Torr when the oven is at the operating 

temperature. Liquid nitrogen is filled into the cryotrap from a 60 liter dewar 

automatically by a controller. The interaction chamber is pumped by a 6-in. 

cryopump (CSA-102, pump speed: 1500 liter/sec), which reduces the vacuum 

pressure of the interaction chamber to 2~3 xlO'8 Torr. The pressure is maintained 

at this level during the entire period of taking data. Using a cryopump prevents oil 

contamination inside the chamber. When using a diffusion pump, thin oil coatings 

can cause a stray static electric field that may affect the results of the 

measurements. Also the micro-channel plate requires a dry-pumped clean 

environment. According to the manual, "A poor vacuum environment will most 

likely shorten MCP life or change its operating characteristics."

The two chambers are separated by a stainless steel plate with a 4 mm 

diameter hole at the center. The small hole allows only a fraction of the rubidium 

atoms to pass through into the interaction chamber, helping reduce the background
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noise. It also helps to maintain a steady high-vacuum pressure in the interaction 

chamber as the pressure in the oven side increases due to the release of gas from 

the heating elements of the oven.

We also have a small turbo molecular pump (Turbo-V80, pump speed: 75 

liter/sec) installed on the interaction chamber. The opening for the turbo pump on 

the chamber is directly in line with the atomic beam. It helps evacuate the 

rubidium atom beam after the atoms pass the interaction region. The atomic beam 

could reflect from the wall of the chamber, resulting in background noise if a turbo 

molecular pump were not installed, especially when the oven is first turned on and 

is still approaching the required stable operating temperature. Since the pumping 

speed of the turbo pump is relatively low, and its mechanical failure during the 

course of our experiments could cause the entire vacuum system to vent to 

atmosphere (which may damage the MCP even though we have an automatic shut 

off circuit for the high voltage to the MCP), we operated this pump only during the 

oven warming period before we started taking data.

Fig. 4.1 shows the vacuum system, and other equipment.
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Figure 4.1: The vacuum system and other equipment
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4.3 Generation of the atomic beam

The effusive atomic beam is generated in a two-stage oven, as shown in Fig. 

4.2. The oven is made of stainless steel and consists of two parts: a reservoir for 

the rubidium metal and a nozzle. The cylindrical reservoir and the nozzle body 

both have four holes parallel to the axis of the cylinders into which we insert the 

heating elements made of Nichrome wires with ceramic insulators. The two parts 

of the oven are heated separately and each has a thermocouple [ANSI letter K, 

Chromel(+) —Alumel(-)] to measure the temperature. The oven is maintained at a 

body temperature of 145° C. The nozzle, with an aperture diameter of 0.9 mm, is 

held at a slightly elevated temperature to discourage rubidium condensation and 

dimer formation. The oven produces an atomic beam density of 3 x 107 cm 3 at the 

interaction region, a distance of -37 cm from the oven nozzle (see Fig. 4.3 for the 

configuration of the apertures). There are two apertures located in the interaction 

chamber to reduce the size of the atomic beam. The first aperture is 15 cm from 

the interaction region with a diameter of d3=0.5 mm; the second one is a beam 

stopper, which is 2.5 cm from the first one, with a diameter of d4= l mm. The beam 

stopper has a box-like metal cover to prevent the reflected atoms from the stopper 

entering the interaction region and causing serious background noise that masks 

the image. This is extremely important for obtaining clear electron images. The 

nozzle and the two apertures select the atoms in a nearly collimated atomic beam. 

The effective beam diameter was measured to be -  1 mm by moving the laser 

beam up and down and observing the change in the intensity of the image.
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4.4 The influence of the earth’s magnetic field on the trajectories of 
photoelectrons and its cancellation

The earth’s magnetic field will affect the trajectories of the photoelectrons 

moving towards the MCP and hence distort the photoelectron images. We 

therefore have to reduce the influence of the earth’s magnetic field. We can 

estimate the minimum radius of the curvature of the electrons moving around the 

interaction region due to the magnetic field. Comparing this radius with the 

dimension of the space where the photoelectrons move around, we can see that the 

influence of the earth’s magnetic field cannot be ignored.

The force an electron experiences in a magnetic field B is

F = e v x B

and the force causing the electron to move in a circular orbit of radius R is

_ rnv1
F =---

R

where e is the electron charge and vis the velocity of the electron, and m is the 

mass of the electron.

For the minimum radius of the motion of the electron in the field, the velocity 

is perpendicular to the field, i.e. F=evB. In this estimate calculation, we only need 

to consider the initial velocity of the electron ejected in the interaction region. 

Setting

mv1 = evB,
R

we get the minimum radius of the motion

R= —  (4.1)
eB

Replacing v with the expression in terms of the electron energy e
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v=J! (4.2)

and combining Eq. (4.1) and Eq. (4.2), we have

(4.3)
eB

In our experiments, the minimum initial kinetic energy (corresponding to the 

longest wavelength of the laser beam, 590 nm) of the photoelectron is 25.70 meV 

or 0.04lx  10' 19 J. The earth’s magnetic field is ~0.5 Gauss. According to Eq. 

(4.3), the minimum radius of the curvature is ~ I cm. This radius is comparable 

with the distance between the interaction region and the upper mesh of our 

detector system, 0.55 cm (see Sec. 3.2). It is clearly seen that the earth magnetic 

field cannot be ignored when taking data.

In order to reduce the influence of the earth's magnetic field on the motion of 

the electrons in the interaction region and the surrounding area, we installed three 

orthogonal pairs of magnetic coils with diameter of 90 cm around the vacuum 

system (see Fig. 4.1). The currents in the three pairs of coils can be adjusted 

separately to assure that the earth’s magnetic field in the interaction region and the 

surrounding space is less than 10 mG in three directions (vertical and two 

horizontal). From Eq. (4.3), the minimum radius is 54 cm at this field level. This 

minimum radius is much larger than the dimension of the space where the 

electrons travel from the interaction region to the upper dc field mesh plate. The 

effect of the field at this level on the image is negligible. We observed the effect of 

the earth’s field on our images. When the current of the coils was turned off, the 

image was distorted and shifted. When the current was turned on, the image was 

back to normal.
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4.5 Summary

In this chapter we have described the laser system, the vacuum system and the 

generation of the atomic beam. We use these systems for both the complete 

measurements of two-photon ionization in atomic rubidium and the quantum 

interference experiments with two-color laser fields. We also discussed the 

influence and cancellation of the earth’s magnetic field, which is important for 

obtaining undistorted image data.
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CHAPTER 5

COMPLETE MEASUREMENTS OF TWO-PHOTON 
IONIZATION IN ATOMIC RUBIDIUM

In this chapter, we describe the details of our complete measurements of two- 

photon ionization of atomic rubidium, including the experiment, results and 

discussions. The present work is motivated largely through questions raised in the 

previous incomplete measurements [50] in our group stated in Chapter 2 and 

Appendix A. These measurements implied that either 1) the relative cross sections 

for ionization into the continuum 2D5rl and 2D3/2 channels were highly unbalanced; 

or 2 ) the continuum channel phase differences were in strong disagreement with 

expected values. The present work is to further this study.

5.1 Background and basic concept

In the past thirty years, a common feature of research in the area of atomic 

photo-ionization has been the effort toward "complete" measurements. Such an 

experiment was defined to yield the complete set of atomic parameters describing 

the process under consideration. These parameters include the relative photo­

ionization cross sections between the channels in the multi-photon ionization 

process, as well as the phase differences between the continuum waves.

Various techniques for complete measurements of photoionization processes 

have been reported in the past. Most complete determinations have included a 

measurement of the photoelectron angular distribution using linearly-polarized 

light. For these measurements, additional information or experimental data are
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required to supplement the measurements for the complete determination, since the 

single measurement of PAD is insufficient to completely characterize the 

interaction. The measurements of spin polarization and angular distribution 

complement each other to form a complete determination of the photoionization 

process. For example, Kaminski et al [20] carried out these experiments in cesium. 

They measured the angular distribution and spin polarization of photoelectrons 

produced by linearly-polarized light from the 72P,/2 excited state of Cs. 

Combination with earlier cross-section data from others allowed them to perform a 

complete determination. Such studies of spin polarization give information on 

details of the photoionization process (for a review, see Kessler 1985 [58], for 

example). However, the low efficiency of the Mott detector used in the spin 

polarization experiment makes the measurements difficult. The most recent reports 

of complete measurements make use of circular-dichroism effects on 

photoelectron angular distributions [59, 60]. Circular-dichroism is a phenomenon 

where the response of the system to right- and left-circularly polarized light is 

different. In these experiments, linearly-polarized light was used to excite and 

align the atoms or molecules and alternately right- and left-circular light to ionize 

them. In addition to the requirement of multiple measurements in all the previous 

experiments, they typically yield only the cosine of the phase difference of 

continuum waves, rather than the phase difference directly as we have mentioned 

earlier.

A "complete" measurement of a physical process represents an optimum 

knowledge of physics extracted from the experiment. Let us now discuss the 

measurements necessary for that purpose in photoionization. It can easily be seen 

that, as a result of the selection rules for dipole radiation for two-photon ionization 

of alkali atoms in the ground S state, the ionization occurs to continuum S and D 

states via a virtual intermediate P state. The process involves five ionization
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pathways that can be expressed by five radial transition matrix elements. Since 

there are three final continuum states e2S[/2 , e2D3/2, e2D5/2 , the three outgoing 

channels can be described by the three reduced two-photon transition

moments, Sr = |Sr|e'*r with r= s, d3/2, d5/2. There are thus six independent 

parameters, three moduli and three phases. The three moduli express the three 

cross sections a s, and <*5/2 -

Unlike the angular parts of the continuum function, which are determined by 

spherical harmonics, the radial parts are not well known. Since only the phase 

differences between the partial waves are relevant, one of the phases can be chosen 

arbitrarily. For the two D fine structure channels, we estimate, using bound state 

energy levels [54], that the magnitude of the phase difference is only 0.003tu. As 

we show later in this thesis, this estimated phase difference is smaller than the 

uncertainty in our measurements of A£=^s-^d, and we therefore neglect any phase 

difference between these two continuum D channels. In this case, the relative 

photoionization cross sections a s/(Jd and 0 5 /2/0 3 / 2  and the relative phase difference 

A^=4s-£ii are sufficient to describe the photoionization process. Also, a complete 

description must include the sign of the relative phase shift. Our technique has 

performed the complete measurements of two-photon ionization of rubidium 

successfully.

5.2 Experiment

In this section, we discuss our experiments on two-photon ionization of 

atomic rubidium. We choose atomic rubidium in our studies because alkali metals 

have the advantages of relatively easy preparation in the form of an atomic beam, 

low ionization potentials, and the simplicity of the alkali energy level scheme. The 

last of these is critical for the theoretical understanding and interpretation of the 

results. The isotopic abundance of 85Rb and 87Rb is 72% and 28%, respectively.
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The purity of rubidium used in our experiments was 99.8%. The experimental 

apparatus employed in the present study consists of a pulsed dye laser system, the 

vacuum system and data acquisition system, which we have described in chapter 3. 

In this section, we first describe the optical system for this measurement and 

discuss the polarization characteristics of the laser fields, which are quite 

important for our measurements and data analysis. Then we present the 

experimental procedure, results and discussions.

5.2.1 Optical system

The optical system is shown schematically in Fig. 5.1. The laser beam first 

passes through a half-wave Fresnel rhomb, which rotates the polarization direction 

of the light. The light polarization is rotated by twice the rotation angle of the 

Fresnel rhomb. The linearly-polarized light then is further purified by a high 

quality Gian air prism polarizer which is rotated by an angle accordingly to match 

the polarization of light. The polarization is linear to better than one part in a 

thousand. A quarter-wave Fresnel rhomb is used to convert the linearly-polarized 

light into elliptically-polarized light. The angle between the polarization direction 

and the incident plane of the incoming laser light on the X/4 rhomb determines the 

ellipticity of the ellipse. When the angle is 45°, circularly-polarized light emerges 

from the quarter-wave rhomb. A second half-wave Fresnel rhomb is used to rotate 

the elliptically-polarized light.

We determine the wavelength of the light using a quarter-meter mono­

chromator, calibrated with a He-Ne laser at 632.8 nm and the 532.0 nm harmonic 

output of the NdrYAG laser. We also carry out our photoionization measurements 

with the 532 nm harmonic light directly in our experiments.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72

N d : YAG 
Laser

CCD 
I | Camera

Phosphor
Screen

Dye
Laser

^ Rhomb

Mirror \
^  Rhomb ^  Rhomb

MCP

Laser Beam

Figure 5.1: The optical system and imaging system.
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5.2.2 Analysis of the polarization of laser fields

Now we discuss the details of the polarizations of the laser fields. The 

polarization of the optical field is critical for these measurements. We control the 

polarization using the optical components shown in Fig. 5.1. We employ different 

polarization states and various wavelengths of light to obtain the electron images. 

For data analysis we only select two light polarization states in the experiments. 

For linearly-polarized light, the direction of the polarization is set to 45° from 

vertical. For elliptically-polarized light, the major axis of the ellipse is set to be 

horizontal. It is generated by rotating the first XJ2 Fresnel rhomb by 11.25°and the 

polarizer by 22.5°, both in the clockwise direction. (We describe all rotations as 

viewed by an observer looking into the laser source. In this analysis, the laser beam 

propagates in the + y  direction. ) The X/4 rhomb, oriented vertically as shown in 

the figure, converts the linearly-polarized light to right-elliptically-polarized light 

with the major axis vertical. The second X/2 rhomb at 45° from vertical then 

rotates the ellipse 90°, making its major axis in the horizontal direction.

The sense of rotation of the elliptical light can be determined by the phase 

shifts of the S- and P-polarized components resulting from the two total internal 

reflections in the X/4 Fresnel rhomb. Bom and Wolf showed [60] that the P- 

polarized (vertical) component is advanced relative to the S-polarized (horizontal) 

component. From this argument, light entering the XJ4 rhomb in the linear

polarization state € =sin22.5° x  -cos22.5° z will emerge from the rhomb as right

elliptically-polarized light, € = -isin22.5° x+cos22.5° z , with the major axis 

vertical from the rhomb. This polarization has been mentioned in Sec. 3.4,
H  ̂ *

e=-ie^ x +e ^z .  These two polarization states can be illustrated by Lissajous 

figures as below.
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the A/4 Fresnel rhomb

The elliptical light emerging 
from the A/4 Fresnel rhomb

Referring to the definition of the field Eq. 2.9, we can write the two components of 

the complex amplitude of the field.

we immediately see that the field rotates in the clockwise direction or that it is 

right-elliptically-polarized light.

The second A/2 Fresnel rhomb, which is set at 45° from the vertical, rotates 

the ellipse by 90°and reverses the rotation sense. The major axis of the elliptical 

polarization is thus horizontal, and the sense of the rotation is left-handed,

€ =icos22.5° x  +sin22.5° z -  i| €, | x  +| e31 z . Similarly, this polarization state can 

be illustrated by a Lissajous figure as below.
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z

The elliptical light emerging 
from the A/2 Fresnel rhomb

Most of our measurements were carried out using left-elliptically-polarized 

light. Two sets of data in our experiment taken with right-elliptically-polarized 

light were obtained by rotating the first A/2 rhomb and polarizer in the counter­

clockwise direction.

We also carried out measurements at each wavelength using linear 

polarization, oriented at 45° from the vertical. For experimental convenience, we 

did not move the A/4 rhomb out of the system. Instead, we rotated the first A/2 

rhomb and the polarizer to the vertical orientation. We also rotated the second A/2 

rhomb 22.5° from vertical in the counter-clock-wise direction to change the 

polarization direction from vertical to 45°. Similarly, for linear horizontal 

polarization, we rotated the second A/2 rhomb to an angle of 45° from vertical. We 

inserted an additional linear polarizer (not shown in Fig. 5.1) after the final rhomb 

to improve the polarization purity.

For each of the polarization states, including linear and elliptical light, we 

confirmed the polarization of the field by measuring the transmission power of the 

beam through a Glan-laser polarizer. The intensity of the light passing through the 

polarizer can be expressed as (see Appendix B for the derivation)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

Pt=P0(| e, |2sin2&'+| e3 |2cos2&') (5.1)

where Po is the power of the incident linear light, is the polarizer orientation 

from z axis, e, and s3 are two components of the unit polarization vector

e=ie, -x+e3 z  of the elliptically-polarized light.

For linear polarization, we set 8'=0° and 90° to measure the polarization of 

the vertically-polarized incident light. We rotate the analyzer from 0° to 360° in 

11.25° increments, and fit the data points of the intensities to Eq. 5.1 to obtain the 

ratio e3/e , . As an example, Fig. 5.2 shows the data points, the best fit curves and 

the corresponding ellipse for the light at X = 575 nm. The data in this figure are 

measured after the second X/2 rhomb. The major axis of the ellipse is horizontal. 

The sense of the elliptical light is not shown in this figure.

This measurement does not yield the sense of the polarization, but it allows us 

to determine the magnitude o f the ellipticity very precisely. We find that the 

typical rms deviation between the measured transmitted power and the best fit 

function of the form of Eq. 5.1 is ~l%  o f the maximum transmitted power. The 

determination of the polarization is straightforward in principle, but is somewhat 

complicated in practice because the optical elements are not ideal and the 

alignment of the optical elements is not perfect. Since these instrumental effects 

are wavelength dependent, the measurements have to be carried out over the entire 

wavelength range used to minimize the errors. We measured e3/e, at five different 

wavelengths between 532 nm and 591 nm, and fitted a linear function to these 

measurements. The data of s 3/e, show a slight variation with wavelength (see Fig. 

5.3) which is due to the variation of the phase shift induced upon total internal 

reflection inside the Fresnel rhombs. We calculate nine interpolated values of 

ellipticity from the best fitting procedure for the nine wavelengths with which we
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take the image data. We use these nine values of e3/e, when fitting the image data 

to reduce the error of the measurements.

In Appendix C, we present the derivation of the best fitting parameters le,l 

and I e31 of the Eq. (S.l) to experimental data.

5.2.3 Procedure of experiments

After the vertically-polarized light from the second dye laser amplifier goes 

through the series of optical polarization components (as shown in Fig. 5.1) to 

obtain the required polarization state, it then enters the interaction chamber. The 

dye laser beam is weakly focused by a 50 cm focal length lens to a radius of -0.30 

mm (the intensity at this radius is e'2 of the maximum intensity) in the interaction 

region. The radius is determined by measuring the transmission through a 0.254 

mm diameter pinhole and assuming a perfect Gaussian beam shape. We estimate 

the peak laser intensity to be on the order of 0.2 GWcm'2 when the laser pulse 

energy is 2.5 mJ. The interaction volume is estimated to be -10 4 cm3 and there 

are about 3 xlO3 atoms in the region.

After passing through the chamber, the laser beam emerges through a fused 

silica window oriented 45° from the vertical. The reflection from the window goes 

into a light trap. This design greatly reduces light scattering in the chamber. Also 

the window allows a helium-neon laser beam to pass through the chamber from the 

other side, which makes the optical alignment much easier.

The laser beam interacts with the rubidium atoms to drive the two-photon 

ionization process, exciting the atoms from the ground 52Si/2 state via the 

intermediate virtual nP state to the continuum s- and ^/-states as shown in Fig. 2.2. 

As we have described in Chapter 3, the photoelectrons ejected in the interaction
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Figure 5.2: Determination of ellipticity of elliptically-polarized 
light. The stars are the data points of the transmitted power 
through the polarizer, the dashed line is the best fit of Eq. (5.1) 
to the data and the solid line is the corresponding ellipse. The 
data is measured after the second X/2 rhomb.
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Figure 5.3: Ellipticity verses wavelength. The stars are data points of 
measured ellipticity for five different wavelengths, the solid line is 
the best fit to the data and the circles are the interpolated data for 
nine wavelengths with which we take the image data.
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region are accelerated towards the micro-channel plate by the uniform dc electric 

field (See Fig. 3.1) and form an image on the screen of the MCP assembly. The 

image size depends on the wavelength of the laser field, the distance from the 

interaction region to the MCP, and the field strength between the two field plates. 

We collect an image data by accumulating the images over thousands of laser 

shots. We take images with various laser polarization states and nine different 

wavelengths.
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5.3 Results and discussions

In this section we first show two images taken with left- and right- 

elliptically-polarized light at the wavelengths of 540 nm and 583.3 nm, 

respectively, using threshold detection scheme and describe the details of these 

images. Then we discuss the procedure for fitting theoretical images to measured 

images and the details to obtain the atomic parameters. We give our results of the 

three atomic parameters determined from the fitting process and discuss our 

results. We also show two examples of images recorded with linearly-polarized 

light at >.=540 nm and >.=583.3 nm and compare these images with the calculated 

ones using the atomic parameters obtained from the image data with elliptically 

polarized light.

5.3.1 Fitting theoretical images to measured images

In this section we first show an example of photoelectron images recorded 

using the threshold setting with all pixel values at the center of detected 

photoelectron clusters converted to “1” for each single laser shot. We have already 

discussed that only images taken with this setting could be used for quantitative 

analysis. In Fig. 5.4, (a) is the recorded image, which is taken with left- 

elliptically-polarized laser light at >i=540.0 nm with the ellipticity o f the laser 

polarization e 3/e ,=  -0.426i. This image is one of the images we have used for

extracting the atomic parameters, (b) is the corresponding calculated image. The 

axes are labeled with the pixel number, 1~128 in the y direction and 1-64 in the x  

direction. A full frame for the camera is not available in shutter mode. In this 

mode the camera only records a field for each laser shot. In other words, the image 

data for every other column are all zero. We only plot the non-zero data in the 

image area. Therefore there are only half as many columns of data as rows. The 

direction of laser propagation is along the y axis in this figure. We see that the 

image is nearly symmetric with respect to the x axis, but asymmetric to the y axis.
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Image created with 
left-hand elliptical 
light at wavelength 
A.=540 nm.
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Figure 5.4: Example of an image taken with left-elliptically polarized light, 
(a) is the measured image, (b) is the corresponding calculated image, (c), 
(d), and (e) are cross-sectional slices for rows 45, 65 and 85, respectively, 
showing the data points and the best Fitting curve, (f) and (g) are mesh 
plots for images (a) and (b), respectively, and the calculated angular 
distribution that produces this image is shown in Fig. (h).
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This is because photoelectron angular distributions (see Fig. (h)) are symmetric 

with respect to the x-z plane, but asymmetric to the y-z plane. According to the 

angular distribution, we can also expect that the number of the electrons should be 

equal, not only in the upper half and lower half regions, but also in the left and 

right half portions of the image. Indeed, we sum the pixel values in each half plane 

and find that the number of the electrons in each half plane matches the number of 

electrons in the other plane within 2 % in all the images we have taken for 

quantitative analysis. In Fig. (f) and (g), we plot the three-dimensional images 

(mesh plot) that correspond to Fig. (a) and (b), respectively. The labels on the 

vertical axes in these mesh plots indicate the number of the electrons. In fig. (f), 

the recorded image, we take the average of the adjacent non-zero data columns 

and insert the average value into the zero-value column. Then we take the average 

of the adjacent three columns and insert the average values into the central one of 

the three columns. This smoothing process helps the figure to illustrate the image 

clearly without losing its reality. The number of pixels in this plot is 128x128. We 

see that Figs. (f) and (g) look very similar. It should be pointed out that we do not 

smooth the raw data shown in Fig. (a) for data analysis in order to extract the 

atomic parameters correctly.

The image size is determined by the distance d between the interaction region 

and the top mesh, the spacing D and the dc voltage Vdc between the two mesh 

plates, and the laser wavelength, which determines the kinetic energy of the 

electrons. The image size increases with decreasing laser wavelength. The 

geometric parameters D and d are fixed when taking data. We control the image 

size by adjusting the dc voltage Vdc that provides the uniform dc field. The image 

diameter is typically controlled to -1.5 cm (see table 5.1), which is much greater 

than the size of the interaction region, but much smaller than the size of the plane 

meshes. If the image is too small, the electrons will overlap on the phosphor 

screen of the MCP and it will decrease the resolution of the image. Also averaging
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screen of the MCP and it will decrease the resolution of the image. Also averaging 

over the interaction volume will smooth the peaks and the valleys. Conversely, if 

the image is too large, the non-uniformities of the phosphor screen, the CCD array 

and the electric field (edge effect) may distort the images.

In order to obtain the atomic parameters from a measured image using 

elliptically-polarized light, we have to create a calculated image by using the 

experimental parameters, i.e. the distance d between the top mesh and the 

interaction region, the distance D between the two meshes, the voltage V applied 

between the meshes, a parameter that represents the size of the interaction region, 

and a scaling factor between the image size and the size of the phosphor screen. 

To do this, it is necessary to calculate the angular distribution based on the Eqs. 

(2.8) and (2.10), and map the parabolic trajectory of the photoelectrons from the 

interaction region to the phosphor screen of the MCP as described in section 3.3. 

To obtain the smallest root-mean-square (rms) deviation between the theoretical 

image and the measured image, we define

where I\p is the pixel value of the calculated image at the Ith row and the / h 

column of the image data matrix, fjp is the corresponding pixel value of the

measured image, and N  is the total number of the pixels of the image. As we have 

mentioned that the angular distribution depends on the three atomic parameters or 

equivalendy, the three parameters S- /S - , S ^ / S j ,  and & - £/, and the images

depend on the experimental parameters, we fix the experimental parameters and 

change the values of S7 /S j ,  /S -, and to calculate the theoretical image.

We then calculate the rms deviation over all the pixel values of the calculated

(5.2)
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this procedure. For example, if we set S; /S s = -0.46 to -0.36, SAtl/ S J = -0.38

to -0.28 and £s - ^  = 2.00 to 2.10 with an increment of 0.02 for each of these 

settings, the program will calculate the image for 216 combinations of these 

parameters and find the best fitting set of the parameters. It is worth pointing out 

that we first set the parameters with a larger range and with a larger increment for 

trial calculation. This trial calculation may be repeated for several times. This is 

the most important procedure in our data analysis for extracting the atomic 

parameters from the angular distribution that creates these images.

The calculated image shown in Fig. 5.4 (b) is the best fitting image to the 

data in Fig. 5.4(a). Fig. 5.4(c) to (e) illustrate three cross-sectional slices for rows 

45, 65 and 85 of the image, respectively, showing the data points (from the 

measured image (a)) and the best fitting curves (from the calculated image (b)). 

Fig. (h) is the photoelectron angular distribution.

The results from all the nine wavelengths of laser Ught are listed in Table 5.2.

As we discussed earlier, the images obtained with linearly-polarized light can 

not be used for quantitative analysis for determining the atomic parameters due to 

insufficient conditions. However, we could use the cross sections and phases 

determined with elliptically-polarized light to produce the linear-polarization 

angular distributions. Fig. 5.5 illustrates both the recorded (a) and the calculated 

images (b) with linear light at the wavelength of 540 nm. The polarization 

direction of the light is 45° from vertical, i.e. e3/e ,= + l. The calculated image in 

Fig. 5.5 (b) is based on the data we determined from the image with elliptically- 

polarized light in Fig. 5.4(a). To match the measured image, we adjust the 

amplitude of the signal, the size and position of the image. Fig. (c), (d), and (e) 

are cross-sectional slices for rows 45, 65 and 85, respectively, showing the data 

points (from Fig. (a)) and the cross section curve (from Fig. (b)). Figs. (f) and (g) 

are mesh plots for image (a) and (b), respectively. The calculated angular
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Table 5.1: Experimental parameters for each wavelength

(nm)
e

(m eV)
V

(V)
Number o f  shots e3/ e t Pulse energy 

(mJ)
Image radius 

(cm)

590.0 26 0.05 8000 +  0.438* 1.3 0.55
583.3 74 0.40 8000 +  0.437* 1.3 0.65
583.3 74 0.40 8000 -0 .4 3 7 < 1.3 0.65
575.0 135 0.65 8000 -0 .4 3 5 * 1.3 0.82
568.2 187 1.0 25000 -0 .4 3 3 * 2.5 0.80
560.0 251 1.4 10000 -0 .4 3 1 * 2.5 0.79
553.0 307 1.8 10000 -0 .4 2 9 * 2.5 0.77
547.0 356 2.2 25000 -0 .4 2 7 * 2.5 0.81
540.0 415 2.2 10000 -0 .4 2 6 * 2.5 0.86
532.0 484 2.6 10000 -0 .4 2 4 * 2.5 0.88

Table 5.2: Relative two-photon moments, cross sections and continuum 
wave functions as determined from the photoelectron images.

\
(nm) S j / S j l-WSjl

<T5iila'in

(rad)<rs/o-j S± j / S j >0  s i j / S j C O

590.0 - 0 .5 5 ( 2 ) 0.35(2) 0.32(3) 0 .27(3) 12(3) 2.36(7)
583.3 - 0 .4 7 ( 2 ) 0.33(2) 0.25(3) 0 .30(3) 11(3) 2.34(6)
575.0 - 0 .4 5 ( 2 ) 0.32(2) 0.22(3) 0 .32(3) 10(3) 2.25(6)
568.2 - 0 .4 0 ( 2 ) 0.32(2) 0.18(2) 0 .32(3) 9(2) 2.15(4)
560.0 - 0 .4 2 ( 2 ) 0.36(2) 0.19(2) 0 .26(3) 14(2) 2.08(4)
553.0 - 0 .4 3 ( 2 ) 0.34(2) 0.20(2) 0 .29(3) 11(2) 1.98(4)
547.0 - 0 .3 8 ( 2 ) 0.36(2) 0.15(2) 0 .26(3) 13(2) 2.02(4)
540.0 - 0 .3 9 ( 2 ) 0.35(2) 0.16(2) 0 .27(3) 12(2) 1.96(4)
532.0 - 0 .3 8 ( 2 ) 0.34(2) 0.15(2) 0 .29(3) 11(2) 1.85(4)
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Image created with 
Linearly-polarized 
light at wavelength 
k=540nm.
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Figure 5.5: Example of an image taken with linearly-polarized light at 
45° from vertical (0 = + 45°). (a) is the measured image, (b) is the 
corresponding calculated image, (c), (d), and (e) are cross-sectional 
slices for rows 45, 65 and 85, respectively, showing the data points and 
the best fitting curve, (f) and (g) are mesh plots for images (a) and (b), 
respectively, and the calculated angular distribution that produces this 
image is shown in Fig. (h).
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distribution that produces this images is shown in Fig(h). Similar to Figs. 5.4 and

5.5, we show two more images taken at laser wavelength of 583.3 nm. In Fig. 5.6, 

(a) is the recorded image, which is taken with right-elliptically-polarized laser 

light with the ellipticity of the laser polarization €3/e ,=  +0.437i. This image is 

also one of the images we have used for extracting the atomic parameters, (b) is 

the corresponding calculated image. Fig. 5.6(c) to (e) illustrate three cross- 

sectional slices for row 45, 65 and 85 of the image, respectively, showing the data 

points (from the measured image (a)) and the best fitting curves (from the 

calculated image (b)). Fig. (h) is the corresponding photoelectron angular 

distribution. Note that the two minima of this distribution in the x -  z plane are 

located in the second and fourth quadrants. While in Fig. 5.4 (h), the angular 

distribution associated with left-elliptically-polarized laser light, the two minima 

in the x -  z plane are located in the first and third quadrants. From these two 

distributions we also see that with shorter laser wavelength the distribution 

becomes more elongated. In Figs. 5.4(a) and 5.6(a), the dark bands of the images 

are located in right-hand side and left-hand side, respectively. Fig. 5.7 illustrates 

both the recorded (a) and the calculated images (b) with linear light at the 

wavelength of 583.3 nm. The polarization direction of the light is 45° from 

vertical, i.e. 63/€ ,=  -1 . The calculated image in Fig. 5.5 (b) is based on the data 

we determined from the image with elliptically-polarized light in Fig. 5.6(a). The 

calculated angular distribution that produces this image is shown in Fig. (h).

In order to estimate the statistical error of the data, we collected five sets of 

images for both 547 nm and 568.2 nm wavelengths. Each image data were 

collected by accumulating the images over 5000 laser shots. Based on the five sets 

of data taken from each of these two wavelengths we calculate the average values 

of the three parameters and their standard deviations. These data are listed in Table 

5.3. From these data we see that percentage uncertainties for ^  are about 1.5%
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Image created with 
right-hand elliptical 
light at wavelength 
X=583.3 nm

20 40 60 20 40 60

100

50

Q w y i t

100

50 500 0
100

Figure 5.6: Example of an image taken with right-elliptically-polarized 
light, (a) is the measured image, (b) is the corresponding calculated 
image, (c), (d), and (e) are cross-sectional slices for rows 45, 65 and 85, 
respectively, showing the data points and the best fitting curve, (f) and 
(g) are mesh plots for images (a) and (b), respectively, and the calculated 
angular distribution that produces this image is shown in Fig. (h).
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Image created with 
Linearly-polarized 
light at wavelength 
Ap=583.3 nm
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Figure 5.7: Example of an image taken with linearly-polarized light at 45° 
from vertical (0 = -45°). (a) is the measured image, (b) is the corresponding 
calculated image, (c), (d), and (e) are cross-sectional slices for rows 45, 65 and 
85, respectively, showing the data points and the best Fitting curve, (f) and (g) 
are mesh plots for images (a) and (b), respectively, and the calculated angular 
distribution that produces this image is shown in Fig. (h).
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and 1%; for as / a d are 1% and 6 %; for a 5/2/ ct3/2 are 9% and 6 %, respectively. We 

can also see that the statistical error for the phase difference is very small, while 

that for the ratios of the cross sections are larger but acceptable. The systematic 

error may be caused by any non-uniformities in the detector system and shot noise. 

The background noise for most of the images is less than 5% of the average image 

pixel value. The background noise, which we estimate to be only about 2% of the 

maximum signal over the entire image area, does not change the distribution 

observably. It increases the average pixel value of each image. Therefore the 

influence of the background to the parameters is estimated to be less than 2 %. 

Another factor for the error of the measurements is the influence of the upper 

mesh. Some electrons hit the wires instead of going through the mesh. The paths 

of these electrons will be changed and hence it affects the distribution. Because of 

the high acceleration field between the mesh and the phosphor screen of the MCP 

assembly, the paths will not be changed visibly. And because the images are much 

larger than the holes of the mesh, the influence is further reduced. One more factor 

for the error is the finite size of the interaction region. When we fitted the 

calculated images to the measured images, we did not account for the vertical size 

of the interaction region. Because the interaction region is much smaller than the 

images, this influence is also unnoticeable. Consider these factors and the 

systematic error we give larger uncertainties to the atomic parameters we quote in 

Table 5.2.

Table 5.3: The values and the standard deviations of the atomic parameters 
for images taken with 547 nm and 568.2 nm wavelength laser light.

Wavelength (nm) e -e # C*s f Gsn.! <*3/2
547.0 2.02±0.03 0.15±0.0l 13.4±1.2
568.2 2.15+0.02 0.18±0.0l 8.410.6
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5.3.2 Relative cross sections ofs- and d-waves

From Eq. ( 2.13), we can express the cross section ratios as

4 \ 1  + j ( S m / S3)
(5.3a)

and

CT 5 /21 &  3/2— (5.3b)

Based on the best fitting values of S-/Sj  and I S j , we can determine the cross-

section ratios a/cr,/ and 0 5 /2/0 3 /2 . These relative cross sections are also presented in 

Table 5.2. Since the angular distribution and the coefficients given by Eqs. (2.8), 

(2.10) and (2.14) ~ (2.16) depend on the square of S ^ / S j ,  the sign of S ^ / S j

cannot be determined uniquely in our measurements, and hence the ratio of the 

cross sections, 0 5 /2/CT3/2 has two possible values. We list both values in Table 5.2. 

Positive ISj  yields 0 5 /2/0 3 /2  < 1.5, while 0 5 /2/0 3 /2 >1.5 is from negative IS- .

Fig. 5.8 shows the values of or/ov/ as a function of photoelectron kinetic 

energy. The ratio of the relative cross sections of the s- and d-waves decreases 

with increasing photoelectron energy to an energy up to about 200 meV. Beyond 

that range, the change is relatively small. In addition to data from the present work 

(solid circles), we also plot three sets of theoretical results. The theoretical data 

points are calculated based on a Sturmian basis set (x signs) [62] and a Hartree- 

Fock basis set (+ signs) [63], respectively. The solid line is the result from recent 

theoretical work [78]. This work is based on the relativistic second-order 

perturbation theory. This result shows a large discrepancy with both our results 

and the previous theoretical works (x and + signs). The fine structure effect is 

ignored in all these calculations. The energy dependence of the Sturmian basis
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Figure 5.8: The ratio of cross sections crv /od as a function of photoelectron 
kinetic energy. The x-signs and the plus (+) signs represent the data 
calculated based on a S turmian basis set [62] and a Hartree -Forck basis set 
[63], respectively. The solid circular data points are from the present work. 
The solid line is the theoretical result from Ref. [78].
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Figure 5.9: The ratio of the cross section crs /od as a function of the 
photoelectron kinetic energy with a comparison to the previous work [50] 
using conventional technique for measuring the PAD. The solid circular 
points (dark blue) are the results of present work. The data points from the 
previous work were obtained by ignoring the fine structure effect (red open 
circles) and by using the calculated value of cos( — EJ) (red squares). The 
latter results are in reasonable agreement with our present results.
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the results also have large deviation from 1.5, which cover from 2 ~ 23 or 0.18 ~ 

1. These data were obtained using the calculated value of phase difference, 

together with the experimental fitting parameters. In view of the inconsistent 

deviation of these data and the dependence on various assumptions as mentioned 

earlier, we regard the present results as the more reliable determination.

Fig. 5.11 is a figure from resent theoretical work [78]. The solid line in this 

figure is the result from this work. The solid circles are our experimental results. 

The triangle and the solid square data points are results from bound state spectra 

from [55] and [79], respectively. The ratios 0 5 /2/0 3 / 2  from the bound state 

transitions are close to 1.5, which is the value with ignoring the fine structure 

effect. Our data show a large discrepancy with these data. This discrepancy 

suggests fine structure effect for the ratio 0 -5/1/0 3 /2
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Figure 5.10: The ratio of cross sections a5/2 /a 2a as a function of photoelectron 
kinetic energy. The solid circular data points are from the present work and the 
open circles are the data from the previous work [50] using conventional 
technique for measuring the PAD. Data associated with a) S^/5^<0 and
b) / Sj <0. The dash line ( —) represents the value ca lculated based on the Eq.
(5.3b) with / S j=0 (i.e. ignoring the fine structure effect).
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Figure 5.11: The ratio of the cross section o5/1 /a 3,2 as a function of the 
photoelectron kinetic energy with a comparison to the results from 
theoretical works. The solid circular points are the results of present 
work. The solid line is the result from resent theoretical work [78]. The 
triangle and the solid square data points are results from bound state 
spectra from [55] and [79], respectively. (J. Colgan and M.S. Pindzola, 
PRL, 86, 1998 (2001))

5.3.3 Relative phases between s -  and d-waves

We can calculate the phase difference in terms of the quantum-defect phase 

shift and Coulomb phase shift. The quantum-defect phase shifts for s- and d-waves 

can be expressed as (see Appendix E)

5S=(3.131-0.175e+0.359e2)7t (5.4a)

and

8d=(l-347+0.5996-1.39e2)7C (5.4b)

The quantum-defect phase difference between s- and d- waves

6s -  5d = (1.784-0.7746+1.749e2)7t (5.5)

where 6 is the photoelectron kinetic energy in Rydbergs. The Coulomb phase has 

the form [57]

(5.6)
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ffr=arg{r[/'+! - (**)]} .

where / ’ is the electron orbital angular momentum. This leads to a phase difference 

between s- and ^-waves of the form (see Appendix D)

The total phase difference is given by the sum of the quantum-defect phase shift 

and the Coulomb phase difference

In Fig. 5.12, we plot the results of the continuum phase difference from our 

determination as a function of the kinetic energy of the photoelectron, e. For 

comparison, we also show the expected values of the phase difference as given by 

the Eq. (5.8) (solid line), and the data points of the phase differences from the 

theoretical results of Refs. [62] and [63] .We see from the figure that there is very 

good agreement between our experimental determinations and the expected values 

or theoretical values. The agreement of these results is a direct experimental 

confirmation of the quantum defect theory over a large range of photoelectron 

kinetic energies for the first time. These reasonable results of phase difference and 

the ratio of the cross sections ct/ ct,/ also convince us that our developed technique 

is successful in the measurement of photoelectron angular distributions and 

determination of atomic parameters.

(5.7)

= (1.784 -  0.774e +1.749£ 2 )n + arctan
(5.8)

+ arctan
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5.4 Conclusions
In this chapter we have presented the details of out complete measurements 

of two-photon ionization in rubidium atom using our newly-developed method. In 

other words, we have successfully determined the three microscopic atomic 

parameters—the relative cross sections between S and D ionization channels and 

two D fine structure states as well as the phase difference between s- and d- 

continuum waves. The measured phase differences are in excellent agreement with 

expected values over the entire range of photoelectron kinetic energy from 0  to 0 . 5  

eV. The measured relative cross sections for ionization into 5 and D channels are 

in fair agreement with one set of theoretical data, but have a large discrepancy 

with resent theoretical results. However, our present results are quite consistent 

with the previous experimental data using the conventional technique for 

measurement of PAD. Both the relative cross sections and phase differences are 

slow varying functions of the photoelectron energy. The ratios of cross sections of 

the two D channels show a large deviation with theoretical values, but are fairly 

consistent with the previous experimental data, which were obtained using the 

calculated value of quantum defect phase difference and Coulomb phase shift 

without ignoring the fine structure effect. These calculated phases have been 

verified by our present experimental results. From this comparison, our present 

experimental data seem reasonable. And furthermore, the present data consistently 

deviate from 1.5. The ratios 0 5 /2/0 3 , 2  from the bound state transitions are close to

1.5, which is the value with ignoring the fine structure effect. Our data show a 

large discrepancy with these data. This discrepancy between the experimental data 

and the results from the bound state value suggests fine structure effect for the 

ratio 0 5 /2/0 3 /2.
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CHAPTER 6

QUANTUM INTERFERENCE BETWEEN ONE- AND 
TWO-PHOTON IONIZATION PROCESSES

6.1. Introduction

The coherent control of atomic and molecular processes has attracted much 

attention and seen great growth in the past decade. The process of coherent control 

is based on the quantum mechanical interference effect. The best-known example 

of interference is Young’s double-slit experiment in optics. At each slit, a new 

cylindrical wave emerges and has a fixed phase related to the incident wave. An 

interference pattern appears on the observation screen with bright and dark fringes 

that depend on whether the two waves are in or out of phase at any point on the 

screen, that is, whether the interference is constructive or destructive. Since the 

intensity at a point is proportional to the square of the total electric field at that 

point, the expression for the total intensity contains a cross term with a phase 

difference between these two waves. It is the phase difference that governs the 

intensity at any point.

The interference effect in atomic and molecular transition processes, which 

connect the same initial and final states through different pathways, occurs by 

using two external laser fields with different frequencies. Quantum dynamical 

processes are wave phenomena, subject to constructive and destructive 

interference. The light waves themselves do not interfere significantly, as they 

have different frequencies, but the wave functions produced by the light waves 

strongly interfere. By varying the relative phases and amplitudes of the light

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

waves, it is possible to control the product distribution. This is because the 

probability of forming a specified product is proportional to the square of the sum 

of the transition amplitudes for the two pathways between the specified states. 

That is, the probability

P = \A, +A1\2

= |ai|2+|a2|2+(a a : + a1X ) ,  (6.i)

where A, is the transition amplitude of obtaining the product through path i (i=l,2), 

and |A,|2 and |A,|2 are the probabilities for independently obtaining the product

from path 1 and 2, respectively. (A,Aj+A'A2) is the interference term, which 

contains a phase difference between the complex amplitudes. The total proba­

bility can be also written as

P = Px + P2 + Pv cos(A), (6.2)

where A is the phase difference between the two transition amplitudes due to the 

phase of optical fields and the atomic phase. Varying the laser phase allows one 

to control the distribution of the product.

The idea of phase control for a molecular transition process was first 

proposed and studied extensively by Brumer and Shapiro [65]. The experimental 

observation of quantum interference using phase control was first reported by 

Elliott and coworkers [38]. They observed the interference between two ionization 

processes in mercury by varying the phase difference between visible light of A. = 

554 nm and its third harmonic UV light. Fig. 6.1 shows the transition processes 

and the ionization signal measured as a function of argon pressure in a delay cell. 

Each process was resonantly enhanced by the 6p*Pi intermediate state and lead to 

the same continuum state. The overall transition probability was varied 

sinusoidally with a modulation depth of -32% by changing the relative phase of 

the two fields.
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The bound state population control process was first extended to molecular 

systems by Gordon and co-workers [40], who applied it to diatomic molecules 

(HC1 and CO), and later by Bersohn and co-workers [41], who controlled the 

population transfer in a number of polyatomic molecules, such as NH3, CH3I, 

trimethylamine, triethylamine and cyclooctatetriene. These measurements 

represent an extension of using the quantum interference effect to large, complex 

molecules. The modulation depth of 75% was achieved for the case of CH3I, while 

the typical value for all of the studies was 25-50%. The interference observed in 

all these studies is associated with fundamental and third harmonic (cd-3q)) 

transitions, in which the initial and final states are both discrete bound states. In 

this case the interference occurs only between either two odd-order processes or 

two even-order processes.

m m 350
MPI

300-

250-

200
23 28.

Ar pressure (Torr)lg>

(a)

Fig. 6.1. The experimental observation of quantum interference in mercury.

(a) The two processes in Hg that interfere using two color fields and

(b) The ionization signal measured as a function of argon pressure in a delay cell. 

The solid curve in (b) is the best fit to the data.

(Chen, Yin and EUiott, PRL, 64,507, 1990)
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Control of bound-to-continuum transitions by quantum interference between 

paths has also been studied by several groups. Gordon's group [66] reported that 

quantum interference can be used to control the branching ratio in a chemical 

reaction of HI and DI. They controlled the relative amounts of HI+ and T produced 

in the photo-excitation (0-3(0) of HI by varying the phase difference between two 

laser beams with wavelength of 354.98 nm and its third harmonic 118.33 nm. The 

HI+ and I+ signals were modulated as the phase difference was varied, with the HI+ 

signal lagging the l+ by as much as 150°. A second demonstration of control over 

the branching ratio was reported by Shnitman et.al. [76]. In this process, control 

over the Na(3d)/Na(3p) branching ratio in the photodissociation of Na was 

demonstrated using two incoherently related laser sources. Their results showed a 

depletion in the Na(3d) product of at least 25% and a concomitant increase in the 

Na(3p) yield as the relative frequency of the two lasers was scanned. This process 

is independent of the relative phase between the two light fields. The possibility of 

controlling the branching ratio by using two uncorrelated lasers was first discussed 

by Chen, Brumer and Shapiro [68].

Almost at the same time with Shnitman's report, two other studies on the 

control of the branching ratio by using incoherently related lasers were reported by 

Pratt and Elliott's group. Pratt [69] reported his studies using this technique to 

control the energy distribution of photoelectrons ejected from NO by small tunings 

from resonance in either or both of the two resonant pathways. Elliott and co­

workers [70] controlled the quantum states of Ba+ produced by the ionization of 

Ba atoms. They observed the branching ratio change from 95% to 58% in tuning 

one laser from one side of resonance to the other.

Bound-continuum coherent control of angular distributions of photoelectrons 

has also been achieved by quantum interference between competing channels. 

Elliott and co-workers observed the asymmetric angular distributions of 

photoelectrons produced from Rb atoms [49] and NO molecules [71] using a
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fundamental field and its second harmonic (co-2co). These measurements were 

severely limited in that the photoelectron flux was detected by using the 

conventional technique stated earlier, in which four discrete photoelectron 

detectors in a plane were used. Therefore these measurements only illustrate the 

variation of photoelectron flux with varying the relative phase between the two 

fields. More complete measurements could be helpful in more fully understanding 

the interference effect and exploring the interference measurements to determine 

the phase difference between the continuum waves with even and odd parity, 

which cannot be obtained by single color experiments.

In the preceding chapters we have described the measurements of PAD with 

our newly-developed technique and the method to determine the phase difference 

between two even-parity continuum waves. In the present chapter, we describe our 

investigation of a quantum mechanical interference between an even-parity and an 

odd-parity wave in rubidium with two-color laser fields. Our motivations for this 

study are in the following aspects:

• To develop an intuition of the asymmetric angular distributions of 

photoelectrons (i.e. the asymmetric electron cloud) created by interfering 

even- and odd-order photoionization processes and give us insight into the 

quantum interference phenomena.

• To obtain photoelectron images through quantum interference control over 

PAD using perpendicularly-polarized two-color laser fields.

• To determine the phase difference between even- and odd-continuum 

waves based on the analysis on these images.

• To test the degree to which the atomic wavefunction of the continuum state 

formed by the two-color field can be described as the coherent 

superposition of the individual continuum states.
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The major purpose of this study is to derive the phase difference between 

even- and odd-continuum waves based on the analysis of measured angular 

distribution images using two-color laser fields. In a recent theoretical work, 

Nakajima [77] proposed a method of determining the phase difference between 

even- and odd-continuum states by isolating the contributions of different 

ionization channels. These include using circularly-polarized light (eliminating the 

5-wave) for the measurement of PAD to determine the phase difference between p- 

and </-waves and using linearly-polarized light, but measuring the photoelectron 

flux at a special angle (at which the d-wave does not exist) to determine the phase 

between p- and 5-waves. Nakajima pointed out that the use of linearly- and 

circularly-polarized light is complementary. Also this suggested method is based 

on the conventional technique of measuring the PAD. As we have mentioned 

earlier that this technique has some disadvantages for this measurement. With our 

technique, we collect the photoelectrons ejected in all directions and create a 

photoelectron image on the screen of our detector. By fitting a theoretical image to 

the measured image we could derive the phase difference between even- and odd- 

waves. This technique provides a sensitive means of determining the atomic 

parameters. The information can be extracted from these measurements since the 

transition amplitude for the process depends on the phase shift of the two optical 

fields and the phase of the continuum states.

In this chapter, we report the first observation of quantum interference using 

perpendicularly-polarized two-color laser fields. One field is the second harmonic 

of the other. The fundamental visible field (X=560 nm) is polarized vertically and 

the UV field (X=280 nm) is polarized horizontally. We measure the photoelectron 

angular distributions produced by interfering even- and odd-order processes of the 

Rb atom using our newly-developed electron detection technique. We present the 

details of experiments, the results and analyses, including the determination of the 

relative phase between the two optical fields and how to extract the phase
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difference from measured images. We will show the extremely asymmetric 

angular distribution images as the optical phase between the two Helds was varied 

using both perpendicularly-polarized and parallel-polarized two-color laser fields. 

In order to determine the relative phase of continuum waves using quantum 

interference experiment, it is required to design a method to measure the relative 

phase between the two laser fields -- the vertically-polarized fundamental visible 

field and the horizontally-polarized second harmonic UV field. We will describe 

this method in detail.

We derived the phase difference between the p- and ^-continuum waves from 

the angular distribution images for the first time. The measured value of the phase 

difference is in good agreement with the value calculated based on quantum defect 

theory.
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6.2 Phase control over the angular distribution of photoelectrons

In this section we describe the principle of phase control over the angular 

distributions of photoelectrons ejected from two pathway optical interactions in 

atomic rubidium. This ionization process produces quantum interference between 

two bond-continuum transition channels, 5 s 1Si/2- J>n1P -^ e d  2D3/2̂ 2, Es 2S l/2 for 

two- photon process and 5s~S\n—>ep P m , 3/2 for one-photon process, excited by the

E (cm '

ep 2Pes -S

33691.02

6p 2P23766 ■ -

5p 2P12737--

Rb

Figure 6.2: Energy level diagram of atomic rubidium for two- 
color experiments. The arrows indicate the pathways of 
quantum interference by two-color laser fields with frequency 
to, and 0 )2 = 2a>L
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fields of frequency tDi (X=560nm) and Gh (A^=280nm) = 2a>i, respectively. A 

diagram for selected Rb energy levels and the ionization processes is shown in 

Fig. 6.2.

The electric field of the coherent light waves acting on the atoms can be 

expressed as

Eft) — EiCos(<»it+<]>i) + Ejcosffi^t+cjh), (6.3)

where E| and E2 are the amplitudes of the fundamental and second harmonic 

fields, respectively, and <}>i and <j>2 are the phases of the two fields. Under these 

circumstances the continuum state wave function is a coherent superposition of 

even-parity zS  and zD waves and an odd-parity eP wave. Therefore, the overall 

wave function would lead to an asymmetric angular distribution.

When an atom is simultaneously excited by optical electric fields, Ei(coi) and 

Eifcoi), the total transition amplitude for excitation is the sum of an amplitude for 

absorbing one photon of frequency 0 )2  and an amplitude for absorbing two photons 

of frequency 0)i. In this case, the symmetry becomes of extreme importance. The 

angular distribution of photoelectrons is proportional to the square of the sum of 

the total transition amplitude

In order to determine the relative quantum phase between even and odd 

partial waves based on the measured angular distributions of photoelectrons, 

Elliott [72] extended the theory of multiphoton ionization of atoms presented by 

Bebb and Gold to include ionization with multiple-frequency laser fields. 

According to the extended theory, for a two-color field with the visible beam 

polarized in the z direction and UV beam polarized in the x direction, the angular 

distribution of photoelectrons can be written as

W(0,4>)~ 2
'■/=+/-

eE2ca exp(/0,J „ e2(£ tt,)I exp(2/<>Q>) (33,
2/i " 4/i2 'J

(6.4)
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where Em and E 2a} are the amplitudes of the fundamental frequency (co) and 

second harmonic (2cd) components of the laser field, respectively, <j>a and (fho are 

the phases of the two optical waves, and Oljp) and 7~M) are the spatial 

components of the one- and two-photon transition moments, respectively. The 

indices i, j  =+ or -  represent the spin of the ground and final state electron, 

respectively, and p, q=l or 3 represent the relevant spatial components, which are 

expressed as the following explicit forms

O" j-Y t ,(0,d> )# 3/2 ^ . , ( 0 ,0 , ) ^ ! ^ }  (6.5a)

0«n = = 4zLe*'Y (e ,*)  
V3

^3/2 1̂/2
V 3

(6.5b)

Y„(aK)s, (6.5C)

T ™ = M e “‘rll(e.<i»s„ (6 .sd)

For two laser fields with parallel polarization in the x direction, the equations (6.4) 

and (6.5) are the same except that 7^3> and 7̂ 31 in Eqs. (6.4), (6.5c) and (6.5d) 

should be changed to 7^° and T "_l), respectively. (See Eq. (2.10c) and (2.10f) for 

the explicit form of these amplitudes) The —  (—F) component is obtained from 

the ++ (+—) component for the terms by changing Y[m-> —Yt_m, and Ylm—>Y,_m

for the 7^33) terms. Equations (6.5a) and (6.5b), which are associated with the

single-photon transition, contain only the phase of the p-partial wave, £p. R l/2 and 

/ ? 3/2  are single-photon transition moments from the ground state 5s2Sirl to the 

continuum e2P l/2 . 3/2 - Equations (6.5c) and (6.5d) contain the phases of s- and d-
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waves, and <£/. S7 and S j= 5 S3 + S4 +9 S5 

15
are the average moments

for exciting the s- and d-waves, respectively, and =

asymmetry in the moments for exiting the d-wave. The St (/= 1—5) represent two-

inspecting Eqs. (6.4) and (6.5) that the phase terms cos(A<p+^p-^s ) and cos(A<f>+%p- 

) are involved in the angular distribution expression. By adjusting A0 = <fha> -  

IQa* which is the relative phase between the two fields, very asymmetric angular 

distributions can be obtained. Based on these equations we are able to calculate the 

3-dimensional angular distributions and 2-dimensional images, so that we can 

determine the phase difference between even (j- or d-) and odd (p-) waves by 

fitting the calculated images to the recorded images.

photon transition moments for transitions ^n2/*—»£2Si/2 and

5 5 25 i/2->«2P—>e2f>3/2, 5/2 , as explained in Chapter 2 in detail. It is clear from
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6.3 Experiment

The experimental apparatus consists of a vacuum system, a laser and optical 

system, a detector and a data acquisition system. The details of the apparatus have 

already been described in Sec. 3.2 and Chapter 4, as shown schematically in Figs.

3.1 and 3.2 for the detector, Fig 4.2 for the oven and Fig. 5.1 for the optical and 

laser system. For this study, we have modified the optical system to satisfy the 

requirements for performing the two-color interference experiment. A Mach- 

Zehnder-like set-up and a phase delay cell are the two major parts of this system. 

In this section, we describe the Mach-Zehnder-like set-up and related 

measurements.

6.3.1 Mach-Zehnder interferometer and adjustment of UV and visible beams

The configuration of the optics is shown schematically in Fig. 6.3. A 

vertically polarized 560 nm dye laser beam is first weakly focused by a 100 cm 

focal length lens and then split into two components at the input beam splitter (SP) 

of a Mach-Zehnder interferometer-like set-up. The beam splitter SP reflects 35% 

of the power to a type I phase-matched BBO crystal to generate the second 

harmonic 280 nm UV light, which is polarized horizontally. The transmitted 560 

nm visible beam is then reflected by a mirror M[ and is overlapped with the UV 

beam at mirror M3, which reflects 99% of the UV power. Thereafter both the 

visible and UV beams travel together through a variable density N2 delay cell into 

the interaction chamber and cross an atomic beam of rubidium. In order to observe 

the interference, we must ensure that the two beams are overlapped and parallel to 

each other to at least 10'2 mrad, as will be shown in Sec. 6.3.5. To satisfy this 

condition, we use the following adjustment procedure. We first adjust mirror Mi 

until the transmitted visible beam from the BBO is overlapped with the visible
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beam from mirror M! at mirror M3. This adjustment may need to be repeated 

many times until the interference fringes appear on one surface (towards the 

mirror M2) of mirror M3. Then we adjust mirror M3 until the interference fringes 

between the two visible beams appear on a screen three meters away.

In order to measure the relative phase between the two perpendicularly- 

polarized optical fields, we insert a second BBO crystal inside the vacuum 

chamber at a distance ~40 cm behind the interaction region. After passing through 

the interaction region, both the UV and visible beams pass through the second 

BBO crystal. The two UV beams and the visible beam emerging from the back 

window of the vacuum chamber pass through a UV filter, which absorbs the 

visible light. Then the two UV beams are projected onto a florescence screen. We 

carefully adjust the mirror M3 to make the two UV beams overlapped. When the 

interference pattern (parallel fringes) between the two UV beams appears, we 

continue to adjust the mirror M3 to make the spacing between the fringes larger 

and larger. When the intensity is uniform, the two beams are overlapped well 

enough for this experiment. We will describe our method for measuring the 

relative phase between the UV and visible beams in Sec. 6.3.3.

We placed a stepped density UV filter (density and transmission vary in 

eleven steps across the surface length) just after the first BBO to adjust the power 

of the UV beam. In addition, the two mirrors M2 and M3 are specified for high 

reflection at the wavelength of 280 nm, but only partially reflective at 560 nm. 

Therefore, after passing through the stepped filter and then being reflected by 

these mirrors, only a very small portion ( it was measured to be 5 pJ ) of the 

visible beam from this branch of the Mach-Zehnder interferometer remains. This 

is only 2.5x1 O'3 of the power of the visible beam used for the two-photon 

ionization process, and does not affect the ionization signal to any significant 

level.
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It is necessary to note that the two optical path lengths of the UV beam and 

visible beam from the beam splitter SP to mirror M3 must be very closely matched 

in order to obtain the interference using the nanosecond pulse laser. We can 

estimate how close they have to be matched by considering the coherence length 

of the laser. We measured the frequency bandwidth of the dye laser to be Av = 10 

GHz with a Fabry-Perot etalon. The coherence time is roughly equal to the 

reciprocal of the frequency bandwidth, i.e. At = 1/Av = 10'10 s. The coherence 

length of the laser is ~ cAt = 3 cm, where c is the speed of light in vacuum. 

Therefore, in order to see clear interference between these two beams, the optical 

lengths of the two arms of the Mach-Zehnder interferometer must be matched at 

least to within 0.3 cm. We carefully adjusted the mirrors M2 and M3 to fulfill this 

condition.

6.3.2 The phase delay cell

We use a phase delay cell to control the relative optical phases of the two laser 

fields. The phase difference between the UV and visible fields can be changed by 

varying the N2 pressure in the phase delay cell because the refractive index of N2 

varies with wavelength.

After passing through the delay cell, a laser beam with a wavelength X will 

experience an additional phase shift

" ^ T ~  (6 ,6 )

where n is the refractive index of nitrogen gas in the cell and L is the path length 

of the cell. On the other hand, by varying the pressure of the nitrogen gas, the 

phase of the light wave will undergo a shift

2mL  A P
= ~ X ~ T ~  (6-7)
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where n is the refractive index at standard temperature and pressure (STP). After 

the UV and visible laser beams pass through the cell, the phase difference between 

the two fields will be

A (2 * * , -  « „  ) = (6.8)

where AP is the pressure change of the nitrogen, nvis and nuv are refractive indices 

at 560 nm and 280 nm at STP, respectively, X=560 nm, PQ is the pressure of the 

standard atmosphere, and L is the path length of the cell, which is 13 cm long in 

our experiment. For pure nitrogen, nuv -  nvis = l.617xl0 '5. According to Eq. (6.8), a 

2k phase shift requires a change of 101.2 Torr nitrogen pressure in the delay cell.

The cell is made of a stainless steel 4-way cross with ConFlat flanges and two 

pieces of fused silica windows. Before filling the Nitrogen gas, we pump the cell 

to -3x10 "Torr by a mechanical pump. Either the vacuum pressure or the nitrogen 

pressure in the cell is measured by a Terranova Convection Gauge Controller 

(Model 906) with a Granville-Phillips CONVECTRON gauge, whose 

measurement range is from 0.1 mTorr to 995 Torr for air and nitrogen.
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6.3.3 Measurement of the phase difference between the UV and visible fields

In this section we describe the method we used to measure the relative phase 

between the UV and the visible beams, using a second BBO crystal inside the 

vacuum chamber.

Assuming that the frequencies of fundamental and second harmonic waves are 

coi and Gb and the wave vectors are then the phase mismatch is

-  -  -  4tt
Ak =2k[- k 1 = — [n(Q){) -  n(co2 )]. (6.9)

In the general case, the refractive index of a medium n is always a function of 

frequency (dispersion effect), i.e. n(ro,) * n(co2). In a special case, Ak = 2kx - k 2- 0, 

the phase matching condition between the fundamental and second harmonic 

waves in a non-linear crystal, we have n{(ox) = n{co2). Under this condition, the 

harmonic wave stays in phase with its driving wave. Once the relative phase 

between the two UV beams <j>uv i-<l>uv2 (<t>uvi=<t>2o> and <J>UV2 =  2<j>a>) is measured, the 

phase difference between the first UV beam and the visible beam A(j> = <|>2a>-2<l>(o is 

obtained. We measure the relative intensity of the interference pattern between 

the two UV beams using a photodiode. The photodiode is located -45 cm from 

the second BBO crystal. We use a digital real-time oscilloscope interfaced to a PC 

to record the photodiode signal. We record 14 sets of waveforms with 14 different 

pressures, corresponding to 14 image data, each set for one image data. The 

oscilloscope has a function to store multi-waveforms of signals on a single data 

waveform sheet. Two examples of the waveform signal are shown in Fig. 6.4a. 

Fig. 6.4b shows all the 14 data sheets. By using drag and drop mouse operations 

the data stored in the waveform sheet can be copied to a tabular sheet for 

processing. We record four signals on each waveform sheet and take the average 

value of the four amplitudes as the intensity at each pressure. The figures also 

show the width of the UV light pulse width, which is about 6 ns.
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N2 pressure
OTorr
Optical
phase
58.4°

■
 79 Torr 
337.2°

Figure 6.4a: Two examples of waveform sheets. Four signals are recorded in 
each waveform sheet during the 5 minute period of taking one image data. 
The amplitude of the interference signal between the two UV beams varies 
with varying the N2 pressure or the relative optical phase.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



120

Figure 6.4b. The interference signal of the two UV beams varies with the 
N2 pressure in the delay cell. Each wave sheet has 4 signals.
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50 100

No pressure in phase delay cell (Torr)
150

Figure 6.5: Amplitude of the interference signal between the two UV 
beams versus N 2 pressure in the phase delay cell. The solid line is the 
fit to the data points. The optical phase difference <j>uvr<t>uv2 (<l>uv2=<J>2a>). 

and hence for each N o  pressure can be obtained from the fitting
procedure.
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The intensity of the interference signal between the two UV beams as a 

function of the pressure in the N2 delay cell is plotted in Fig. 6.5. The solid curve 

is the best fit to the data points. We see from these figures that the intensity of the 

interference signal varies sinusoidally as the N2 pressure is changed. We calculate 

the relative optical phases of the two UV beams, A<j)uv = <t>Uvi-<t>uv2> (<t>uvi=<l>2cm 

<t>uv2==2<t>0J) according to the best fit curve shown in Fig.6.5. We fit the cosine wave 

equation

to the data points in Fig. 6.5 to find the parameters B, C, Tp and D, where Tp is the 

N2 pressure change corresponding to one cycle (2k radian) of this curve, p  is the 

N2 pressure in the delay cell and D is the initial phase when the pressure is zero 

torr. The best fitting values for these parameters are B = 4.65, C = 3.41, D =

0.175tc and Tp = 102 Torr, which is in good agreement with the calculated value

101.2 Torr. The phase difference A<{>uv is equal to the phase difference between the 

first UV beam and visible beam A<(> = <J>2a)-2<()0>.

The interference of the two UV beams can be expressed mathematically. 

Assuming that the electric fields of the two UV beams at that point are expressed

as Ex = El0e~'<'a*~<?av[) and Ez = EZQe~l(0M~*ml), respectively, the total intensity is 

the square of the resultant amplitude of the two fields,

i =|e, + £2|2

A = B + C cos(—  p + D) (6.10)

(£:IOe■̂(" '0“'|, + EZ0e-ilox' 0̂ ) )(El0e+i(<m-°-') 
E;Q+E;Q+El0E20e-‘̂ '  +Ex0E20e+î '
£,o + Eio + 2 EwE20 COS(A0UV)

+i(<ur-o„2)

(6 .11)

=  / , + / , +  2 y j l j 2 c o s ( A 0 av),
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6.3.4 Conditions and procedure of experiments

In this experiment, we pass the coaxial UV beam and visible beam into the 

vacuum chamber. The two-color beam crosses a beam of atomic rubidium to drive 

a one-photon and two-photon processes concurrently, resulting in the interference 

between the two channels. In order to match the ratio of the power of the UV 

beam and the visible beam we insert a stepped filter to adjust the power of the UV 

beam. The energies of the UV beam and the visible beam before entering the 

vacuum chamber were 12 |iJ and 2 mJ, respectively, for this experiment.

We use our newly-developed photoelectron detector, which has been 

described in detail in Sec. 3.2 (refer to Fig. 3.1), to measure the angular 

distributions. Briefly, it is a dual-Micro-Channel Plate (MCP) with a phosphor 

screen sitting on the top of a pair of parallel field plates, which are made of fine 

mesh. The distance between the two meshes is 1.35 cm, and the interaction region 

is 0.55 cm from the upper mesh. For these experiments, the voltage between the 

two field meshes was set to be 1.4 Volts and the voltage on the MCP assembly 

was Va=6000 Volts to the phosphor screen and Vo=2000 Volts to the MCP, 

respectively; the photoelectrons ejected from the atoms accelerate toward the 

upper mesh. After transmitting through the mesh, the electrons are further 

accelerated onto the MCP multiplier, which provides an electron gain of ~106. The 

burst of photoelectrons strikes the phosphor screen producing a bright spot. The 

image is recorded by a CCD camera and stored in a laboratory PC.

While taking data, we use the threshold detection scheme to decrease the 

influence of any gain non-uniformities of the MCP, the phosphor screen, or the 

CCD array in the camera. We adjust the laser power (both UV and visible) to 

limit the number of photoelectrons collected by the detector for each laser shot to 

avoid the overlap of the electrons on the phosphor screen on the MCP. As we 

mentioned in Sec. 3.4, the gain and offset of the video input amplifier can be 

adjusted by setting the lower and upper voltages of the video input, we set the
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voltage levels as 23/40. Under the conditions of our experiment, approximately 30 

electrons were recorded for each laser pulse, and each electron is recorded 

independently. We recorded composite images with an accumulation of 3000 laser 

shots for each. During the 5 minute period for taking each image at a specific N2 

pressure in the delay cell, we measured the intensity of the interference signal of 

the two UV beams as mentioned earlier.

6.3.5 Ratio of beam sizes and phase matching condition of UV and visible 
beams

In the case of the two-color ionization process, the ratio of the beam sizes 

between UV and visible beams and how well the two beams are overlapped play 

an important role in quantum interference. In this section we give quantitative 

analyses to these issues. We have given an expression for the total transition rate 

in Eq. (6.5). Here we are only concerned with how the two fields affect the 

transition rate. For this purpose we rewrite the equation (6.5) as the following 

simple form with two fields £"v and Ev,s

n lEuv+ f i , ( E vis)22 ,
(6.14)

where fii, are the transition moments for one- and two-photon processes, which 

are just O'0 and T?3) in Eq. (6.5), respectively. E“v and E VIS are E2a) and E 03

in Eq. (6.5), respectively, but including phase. We omit all the constants to 

simplify the expressions. For the lowest Gaussion mode propagating along the y 

axis, the fields can be written as

p u v  _  p u v  vv-. (y) ikuv r i<j)uvz  - z 0 e e e ,  ( 6 1 5 )
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(6.16)

where (j)uv, <j>ViS are the phases for each individual field, r, is a transverse radial 

coordinate on the x-z plane, r is the position vector, wuvCy) and wvis(y) are the radii 

of the two beams, and kuv, kvis are the wave vectors of the two fields, whose 

directions are close to y .

Combining Eqs. (6.14), (6.15) and (6.16), and using vtvand wvis as the radii 

of the two beams at the interaction region, the total transition rate can be written as 

the following form

=  A  +  2 B  cos|f„„ -  2k A  )■ r  + (20„, -  )] (6.17)

where A = r i (ESvf e  vv“ v  + fJ.l(Eo‘s)4e (6.18)

(6.19)
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From these equations we see that there are two important conditions to be satisfied 

for observing the interference between these two Helds:

The first one concerns the ratio of the beam sizes of the UV and visible light. 

From these equations we see that in order for the UV and visible fields to maintain 

the same contribution to the ionization process at every point of a transverse plane 

we must have

Fortunately, the spot sizes of the second harmonic and fundamental waves at the 

first BBO crystal satisfy this relation. For the lowest Gaussian mode of the laser 

beam, the intensity of the two fields can be written as

where is a coefficient, and wvis is the radius of the fundamental visible beam. So

Wy­
the spot size of the second harmonic beam is ~7=p as expressed.

The second condition concerns the directions of the k vectors of the two 

beams. The term (kuv -  2kvls) • r  will cause an additional phase shift in the relative 

phase. In order to obtain the maximum interference Ak should be equal to zero,

i.e. Ak = (icuv -  2kvU) = 0. In the following we evaluate the maximum Ak in this 

experiment.

We first qualitatively estimate the upper bound of the angle between the two 

beams. In Fig. 6.6, the radius of the beam size is w and 5 is the maximum distance

K iA r ) = l oe and (6 .21)

I J / )  = S U l ( r )  = ( H i e (5.22)
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between the two wave fronts. The maximum phase shift due to the non-zero angle 

a  is

* ^  27T
= 5 'T ~ == cew~r'- (6.23)

If we let A ^ =  0.17t, w = 0.5 mm, and A.vis= 560 nm, then the upper bound of the 

angle between the two laser beams is evaluated to be a  =5.6xl0‘2 mrad.

UV
beam

Visible beam

Wave fronts of 
the two beams

Figure 6.6: The relation of the wave vectors and 
wave fronts between the UV and visible beams
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We can also determine the upper bound of the angle between the two beams 

in a more rigorous manner. Integrating Eq. (6.17) over the interaction region

2 rf

H

J

  _ ± L .^

r f { E ? ) 2e 4  + ti}{Egt )*e 4 rdrd(pdy

HlH2E?<kES‘ )2e
1 2 
2-+ '2 

y w uv w vis j e -Hkuv-2kvis )r e ~H2Qvi
+  C .C . dxdydz (6.24)

For the first integral, we have
/

/ 1 = 2 n L
2 \

C “ ' r \ 2  , . 2 f C ' V i s \ 4 W v i x

(fco ) — ' "I T 
4  8

where /v is the length of the interaction range along y axis.

If we set Ak = (kuv -  2km) in x direction as shown in Fig. 6.7, then for the second 

integral in Eq. 6.24, we have

x

UV

Figure 6.7: Wave vectors and coordinate system
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UfoEX'iES'ye
1 2
2 - + -  I  Wuv VV’vjj

Kjt+z2)
dxdydz

This integral is separable in x, y and z coordinates as the following three integrals:

^ = j r

1 2-r *-- -v e iAL,e -i(2^ - 4>uv) + C £ ' dx

- * D
cos(AAx + A <l>)dx

1 2
2  ̂ 2 WMV Wyjjj

(M )2

cos A(j)

Ily  =AiI/i2£ 0"v(£0vis)2j  dy

= y ilM2£o"v (£,?)2

/„=r— J — oo

vtW llVi.s dz

=  V /r '  1 2 Y 0 
-r+~r

y VV y

Finally we obtain

I  = 2k  L
2 2 N

2 , r>uv\ 2 ^ u u  . 2 /  f  v(5 \  4  ^ v ijnfiES'y-fL+tiiES'r
8

+ 2 x l x / i j i 1 ES,{Egs ) 2
1 2

— + - ^ -  
w~ w~-

^  rivf5 y

v-1 I I 2“tj-H =-
x-l

y  wuv w vL j
(Mf

cos(2<j)vis -Q uv) 

(6.25)
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In order to observe the interference clearly we set the following condition

or

' 1 2 Y"'
—2 +- 2 i*kf

>90%

-l

W W~*UV fYVlS
(Ak )2 > In (0.9)

The radius of the beam size at the interaction region is about w = —vi± = 0 5  mm
“ l '  V2

we have the condition Ak < 1.84x 103 m '1. Referring to Fig. 6.7, a  = Ak/kuv < 

(1 .8 4 x 103) / ( 2 tc/ 2 8 0 x 1 0 '9) = 8xlO'5 rad = 8xl0 '2 mrad. This estimation is consistent 

with what we just made above using the qualitative method and Fig. 6.6.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



132

6.4 Results and analyses

6.4.1 Images obtained from perpendicularly-polarized two-color laser field

In this section we first show the images recorded by ionizing the rubidium 

atoms with only one frequency component of the laser field at a time. The five 

figures in the left column of Fig. 6.8 correspond to one-photon ionization with the 

horizontally-polarized UV light only; and the figures in the right column are 

produced from the two-photon ionization process by the vertically-polarized 

visible light alone. Fig. 6.8 (al) and (a2) show the recorded images produced on 

the phosphor screen of the Micro-Channel Plate, Fig. 6.8 (bl) and (b2) are 

theoretically calculated images based on the experimental conditions for 

comparison with the recorded images. Fig. 6.8 (cl) and (c2) are mesh plots of the 

image data, which are smoothed somewhat by averaging each pixel value with its 

adjacent pixels. Fig. 6.8 (dl) and (d2) show the data fit with the calculated images 

from the central rows of images (al) (bl) and (a2) (b2), respectively. We also plot 

the corresponding angular distributions of the photoelectrons on Fig. 6.8 (el) and 

(e2).
From these figures we see that the images are symmetric in both the one and 

two-photon processes. When both the UV and visible light interact with the atoms, 

the images show asymmetry and vary with varying phase between the two fields. 

In order to see the changes clearly we show the mesh plots and the cross sections 

of these images in Fig. 6.9. The solid curve in each subplot of the right column is 

the cross sectional slice from the central row of each image. We obtained these 

image data by changing the N2 pressure in the delay cell from 0 Torr to 136 Torr. 

We calculated the relative optical phase for each pressure based on the best fit of 

the amplitude of the two UV field interference signals versus the N2 pressure as 

mentioned in Sec. 6.3.3. The phase and the pressure both are shown on each 

subplot. In Fig. 6.10 we plot three typical data images and the data from a single
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Figure 6.8: Images recorded (al) with the horizontally-polarized 280 nm 
UV light alone and (a2) with the vertically-polarized 560 nm visible light 
alone, (bl) and (b2) are the calculated images, (cl) and (c2) are mesh plots, 
(dl) and (d2) are the central row slice of the recorded data (dot) with the 
best fit curve of the calculated image (solid line) , (el) and (e2) are the 
corresponding angular distributions which produce these images.
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Figure 6.9: Mesh plots of the recorded images and the central row 
slices of the recorded data (dot) with the best fit curves of the 
calculated images (solid lines). Images are taken by perpendicularly- 
polarized two-color fields. The asymmetric electron angular 
distributions vary with varying the N2 pressure. A<j) is the optical 
phase difference of the two laser fields.
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Figure 6.10: Three recorded images (al-a3) and theoretically calculated 
images (bl-b3) with three different pressures and phase differences showing 
on the top. The slices, from single rows 64 (cl-c3) and 81(dl-d3), show both 
the data points and the calculated image fit (solid lines). Images (al) and (a3) 
were taken at an optical phase difference near 7t. They show the near 
maximum asymmetry in the opposite direction. Figs (el) to (e3) are the 
corresponding angular distributions. Images taken by perpendicularly- 
polarized two-color fields (A.|=560nm and X2=280nm)
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row, including both the experimental data points and the theoretical best fitting 

curves. Data in the first and third columns were collected at the optical phase 

difference that resulted in near maximally asymmetric distributions. The phase 

difference between these two data sets is nearly n, which results in opposite 

asymmetric distributions. The figures (cl) to (c3), are the cross section of the 

central row and the figures (dl) to (d3) are the slices at row 81. In each case the 

agreement between the experimental data (dots) and the best fit theoretical curve 

is very good.

6.4.2 Determination of the ratio of one-photon transition moments R1/2/R3/2 

The angular distribution of photoelectrons induced by the one-photon 

ionization process with linearly-polarized light is described by [73]

^  = ̂ [ l  + /?P,(cos0)], (6.25)
dCl 4/r

where P is the asymmetric parameter that characterizes the photoelectron angular 

distribution, 0  is the angle between the direction of light polarization and the 

direction of the photoelectron momentum, and P2 (cos 0 )  =(3cos20 - 1 )/2 is the

second-order Legendre polynomial. The asymmetry parameter p can be written as 

[74]

a  _  <■» ^ 3 /2  COS(S3/2 — 5 , / 2 )  £P - 2 ------------   , (6.26)
3 / 2  *M/ 2

where Ry2. 3/2 are the one-photon transition moments for the transition 

5 s 2S i /2 —> e 2P 1/2. 3/2. and 5 t/ 2 . 3/2 are the phase shifts of the wave functions. The 

angular distribution for single photon ionization is determined only by the 

parameter P or by the ratio of R\nJRm- The coefficient CTtot/47C only affects the 

overall amplitude of the signal. We adjusted the ratio Ryi/R^n to match the
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calculated one-photon image with the measured image to yield the value, Rm/Rm 

=1.96. This value is very close to the expected value based on a previous 

measurement with a different technique [75]. Since the spin orbit coupling has a 

small effect on 6 , the 8 3 /2-8 1 /2  is very small, based on the bound state experimental 

data [76], we estimated to be only 0.015tu. We can set cos(8 3/2-8 i/2 )=1. According 

to Ref. [75], (3=1.602 for the wavelength of 280.3 nm. From Eq. (6.26), this gives 

a value of R 1/2/R3/2 to be 2.06.

6.4.3 Determination of phase difference between p -  and d-continuum waves

In order to derive the phase difference between p- and ^/-continuum waves, we 

match the calculated two-color interference images with the measured images to 

yield the best fit by adjusting the relative phase A=A<j>+A£, where the

phase difference between the two optical fields and A^=^p-^d, the atomic phase 

between the p- and ^/-continuum waves.

According to Eq. (6.5), the angular distribution is determined by the two- 

photon transition parameters, S? /S j ,  S ^ / S j  and the ratio of one-

photon transition moments, R\alRm and the phase A. We use the two-photon 

parameters, S j / S d = -0 .42, S ^ / S j  =-0.36 and -%d =2.08, obtained in our

previous experiment (see Sec. 5.3) for the laser light at the wavelength of 560 nm, 

and the value 1.96 for the ratio R\rJRm . We then adjust the phase A for the 

calculated images to determine the value that yields the best fit with 

experimentally-obtained images. We record fourteen images with fourteen 

different optical phases (i.e. fourteen different N2 pressures). As we have 

described in Sec. 6.3.3, we first record the intensity of the interference signal 

between the two UV beams with 14 different N2  pressures and we plot these data 

in Fig. 6.5. Then we calculate the relative optical phases <()=4>2 o)-2 <|)aj, based on the 

best fit curve shown in Fig. 6.5. In Fig. 6.11 we plot the total phase difference
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50 100

N2 pressure in the phase delay cell (Torr)
150

Figure 6.11: The phase difference between the partial waves, Â +A(j), 
versus N2 pressure in phase delay cell. The solid line is the best fit to 
the data points.
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12
Optical phase difference A<|)=<f)2C0—2^0,

Figure 6.12: The phase difference between the partial waves, A£+A<(>, versus 
the optical phase difference A<j). The solid line is the best fit to the data points. 
The intercept yields the atomic phase difference between p- and d-waves.
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A= A<|>+A£ that produces the best fit to the experimental images versus N2 pressure 

and in Fig. 6.12 we plot the phase difference A versus fourteen different values of 

the optical phase A<|)=<j)2(o-2<l)(0. The solid line is the best fitting line of these data 

with unit slope. The intercept gives our final result, the phase difference A£ = %p-^i 

=5.54.

We can estimate the uncertainty of the phase difference A£ =5.54 with the 

formula

i N  -
(6.27)

where A£ = %p-%d = 5.54, A* and A<j)j are the 14 total phases and optical phases we 

measured, respectively, and N=14. According to these values, opil = 0.18. 

Therefore our final result should be A£ =5.54±0.18.

Theoretically, the phase difference is the sum of the quantum defect phase, 

which is determined from the bound state spectra, and the phase difference of 

Coulomb phase for the two continuum waves, i.e. %p-%<i = 8  p - 8 d +7)p-r\d. The

quantum defect phase is expressed as (see Appendix E)

8 p - 8 d = (1.301-0.918e—3.05£2)7T (6.28)

and the Coulomb phase between p- and d-waves is (see Appendix D)

T)p - 7]d =  a rc ta n ^ =  (6.29)

where e is the electron energy in Rydberg. At the wavelength of 560 nm (£= 

250.85 eV or 0.0184 Rydberg), this value (the phase difference ) is evaluated 

to be 5.33, which is in good agreement with our measured value.
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6.5 Angular distributions by parallel-polarized two-color field

We also carried out the measurement with both UV and visible beams 

polarized horizontally. In this case, we insert a half-wave Fresnel rhomb between 

mirrors Mi and M3, with the axis 45° from vertical, to rotate the polarization 

direction of the visible light from vertical to horizontal. The two linearly-polarized 

beams then are further purified by a high quality Gian air prism polarizer, which is 

rotated by an angle accordingly to match the polarization of the light. Fig. 6.13 is 

the schematic diagram of the optical set-up. We record twelve images of the 

angular distributions of photoelectrons ejected from the ionization process in 

rubidium with parallel polarized two-color fields by varying the N2 pressures over 

twelve different values from 0 Torr to 115 Torr. We have observed the asymmetry 

of the PAD with the change of N2 pressure.

As in the preceding section, we first show the images recorded with only one 

frequency component of the laser field at a time. The five figures in the left 

column of Fig. 6.14 correspond to one-photon ionization with the 280 nm UV 

light alone; and the figures in the right column are produced from the two-photon 

ionization process by the 560 nm visible light alone. Both fields are horizontally 

polarized. Fig. 6.14 (al) and (a2) show the recorded images produced on the 

phosphor screen of the MCP, and Fig. 6.14 (bl) and (b2) are theoretically 

calculated images based on the experimental conditions for comparison with the 

recorded images. Fig. 6.14 (cl) and (c2) are mesh plots of the image data, which 

are smoothed somewhat by averaging each pixel value with its adjacent pixels. 

Fig. 6.14 (dl) and (d2) are the slices of the images from the central row. The 

corresponding angular distributions of the photoelectrons that produce these 

images are shown in Fig. 6.14 (el) and (e2).

As we have seen in the previous section, the images are symmetric in both one 

and two-photon processes. When both the UV and visible lights interact with the 

atoms, the images show an asymmetry and vary with varying the phase between
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Figure 6.13: Schematic diagram of optical system for the experiment with 
parallel-polarized two-color field.
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Figure 6.14: Images recorded (al) with the horizontally-polarized 280 
nm UV light alone and (a2) with the horizontally-polarized 560 nm visible 
light alone, (bl) and (b2) are the calculated images, (cl) and (c2) are mesh 
plots, (dl) and (d2) are the central row slice of the recorded data (dot) 
with the best fit curve of the calculated image (solid line), (el) and (e2) 
are the corresponding angular distributions which produce these images.
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Figure 6.15: Mesh plots of the recorded images and the central row 
slices of the recorded data (dot) with the best fit curves of the 
calculated images (solid lines). Images are taken by horizontally- 
polarized two-color fields. The asymmetric electron angular 
distributions vary with varying the N2 pressure.
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the two fields. Fig. 6.15 shows the mesh plots and the cross sections of the twelve 

images. The solid line in each subplot of the right column is the best fit curve to 

the data points a cross the central row of each image. From these plots we see that 

the image asymmetry changes with changing the pressure.

In Fig. 6.16 we plot three typical images (al) to (a3). Fig. 6.16(d) to (c3) and 

(dl) to (d3) are slices from the central row (row 64) and row 81, respectively, 

including both the experimental data points and the theoretical best fitting curves. 

In each case the agreement between the experimental data (dots) and the best fit 

theoretical curve is very good. Data in the first and third columns were collected at 

the optical phase difference that resulted in near maximally asymmetric 

distributions. The phase difference between these two data sets is nearly 7t which 

results in opposite asymmetric distributions.

As we did in the case of the perpendicularly-polarized fields, we analyze our 

images using the two-photon parameters, Ss / S j = - 0.42, S ^ / S j  = -0 .36 , and

%s —£d =2.08 obtained in our previous experiment (see Chapter 5) for the laser 

light at the wavelength of 560 nm, and the value 1.96 for the ratio Rm/Rm . For 

each image data, we adjust the phase difference between the two partial waves A = 

A<t>+A£, (A<t» = and A% = ^p- ^ )  for the calculated image to determine the

value of A that yields the best fit with experimentally-obtained image. In Fig. 6.17 

we plot the phase difference A versus N2 pressure. The solid line is the best fitting 

line of these data. We also see that a 2n phase change corresponds to a pressure 

change of ~102 Torr in this case.

We did not measure the relative phase between the UV and the visible laser 

fields A<() = <t>2ar2<t>(o for this experiment due to the experimental difficulties in the 

case of parallel polarization. Therefore we could not get the phase difference 

between p- and d-waves from this experiment.
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Figure 6.16: Three recorded images (al-a3) and theoretically calculated images 
(bl-b3) with three different pressures showing on the top. The slices, from single 
rows 64 (cl-c3) and 8l(dl-d3), show both the data points and the calculated 
image fit (solid lines). Images (al) and (a3) were taken at an optical phase 
difference near iz. They show the near maximum asymmetry in the opposite 
direction. Figs. (el) to (e3) are the corresponding angular distributions. Images 
taken by horizontally-polarized two-color Helds (?i[=560 nm and A.2=280 nm).
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Figure 6.17: The phase difference between the partial waves, Â +A<|>, 
versus N2 pressure in the phase delay cell. The solid line is the best fit 
to the data points.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



155

6.6 Summary
In this Chapter we have described the details of the measurements of the 

asymmetric photoelectron angular distribution with two-color laser fields using 

our newly-developed photoelectron detection technique. We observed the 

quantum mechanical interference with both perpendicularly and parallel polarized 

two-color laser fields. It is worthy to point out that the quantum interference 

observed with perpendicularly polarized two-color fields is unique. The mesh 

plots clearly show the asymmetric photoelectron angular distributions and the 

changes with changing the relative optical phase. These plots give us a direct view 

of the quantum interference. These asymmetric distributions indicate that the 

atomic wavefunction of the continuum state formed by the two-color field can be 

described as the coherent superposition of the individual continuum states. Based 

on the analysis of the measured angular distributions with perpendicularly 

polarized two-color laser fields we derived the phase difference between even and 

odd continuum waves for the first time. We conclude that this study has 

successfully accomplished our goals we stated earlier in this chapter.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



156

CHAPTER 7 

CONCLUSIONS

In this thesis we have presented the details of our complete measurements of 

two-photon ionization in the rubidium atom. For this study we developed an 

effective technique to measure the angular distributions of photoelectrons using 

elliptically-polarized light. In these measurements, all electrons emitted from the 

interaction region are collected to form an image on the phosphor screen of a 

micro channel plate assembly. We measured the images at nine different laser 

wavelengths. Through careful analysis of the image data we successfully 

determined the three microscopic atomic parameters—the phase difference 

between the s- and d-partial waves, =gs - ^ d , the relative cross section of the

5 and D ionization channels, CTs/CTd, and the relative cross section for photo- 

ionizing the atom into two fine structure states e d 1D^ri and e d 2Dsn, <t5/2/<r3/2. 

The measured phase differences are in excellent agreement with expected values 

over the entire range of the laser wavelengths from 532 nm to 590 nm, (the 

corresponding electron energy is from 483.9 meV to 25.7 meV) showing a varying 

function of photo-electron energy. The measured relative cross sections for 

ionization into S and D channels are in good agreement with one set of theoretical 

data and previous experimental results obtained using conventional technique for 

the measurements of PAD. The relative contribution of the 5-wave to the photo­

ionization process is much less than the contribution of d-wave. Our present data 

show these values varying from 15% to 30% with decreasing the
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photoelectron energy from 483.9 meV to 25.7 meV. The ratios of cross sections 

of the two D channels, however, show a large discrepancy with expected values. 

These results suggest that the fine structure effect cannot be ignored.

We also used the same technique to study quantum mechanical interference 

with both perpendicularly and parallel polarized two-color laser fields, which 

consists of the fundamental output (560 nm) of a laser and its second harmonic 

(280 nm). These two-color fields are used to drive both two-photon and one- 

photon ionization processes. When both fields are applied concurrently, the 

continuum wave excited by the two interactions simultaneously is a linear 

combination of even- and odd-wave functions since the S and D states have even 

parity, and the P state has odd parity. We were able to change the angular 

distribution of photoelectrons by varying the relative phase between the laser field 

components, which excite these partial waves. We observed the extremely 

asymmetric angular distribution produced by interfering even- and odd-order 

photo-ionization processes of Rb atom. To our knowledge, the quantum 

interference observed with perpendicularly-polarized two-color fields is unique. 

By fitting the calculated images to the measured images we obtained the 

corresponding total phase difference (atomic phase plus optical phase) between the 

continuum partial waves precisely, and hence we successfully determined the 

phase differences between p- and ^/-continuum waves. The values of the relative 

phase are in excellent agreement with the calculated values from quantum defect 

theory. The measured value matches to within 4% of the calculated value. It is 

worth to point out that the method we used for the measurement of the relative 

phase between the two perpendicularly-polarized laser fields is successful. It is 

impossible to determine the phase difference between even- and odd-continuum 

waves without measuring the optical phase in this experiment.
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Appendix A

Example of measurement of photoelectron angular distribution using 
conventional technique and determination of atomic parameters

The purpose of this appendix is to present the principle for obtaining the 

atomic parameters through the measurement of the angular distributions of 

photoelectrons using the conventional technique described in Sec. 2.4.

We consider two-photon ionization of alkali metals from the initial 5-state 

using linearly polarized laser light. In this case the general angular distribution 

equation for multiphoton ionization (Eq. (2.6) in Chapter 2)

j - t / V )  _ ( A 0  N

= £  P* P* (cos 0 )  ’dQ 4K J J

can be expressed as a power series in cos0

da = a„(l+ a .,co s 2 0 + a 4 cos4 0 )  (Ala)
dQ.

or in a harmonic series

^ -  = a„(l + a, cos 2 0 + a 4 cos 4 0 ). (Alb)
dQ

In these equations 0  is defined as the angle between the directions of the 

laser field polarization and the velocity of electrons. The coefficients a 2 and 0 4  or 

a2 and can be obtained by fitting data to equation (Al) (see Fig. 2.3). These 

coefficients are functions of three parameters: the phase difference between the 5 -  

and ^-partial waves, =%s —%d , the relative cross section of the 5 -  and d-partial

waves, CTs/<rd, and the relative cross section of two fine structure states of the d- 

wave, <t5/2 /<t3/2-
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We now address the question of how to relate the coefficients a2 and a4 in Eq. 

(Alb) to the atomic parameters using linearly-polarized light. Yin and Elliott [50] 

carried out the measurements of the photoelectron angular distribution and derived 

the atomic parameters using this method. From the following brief review of their 

work, we can understand the conventional technique.

According to Lambropoulos and Teague [11] the angular distribution can be 

written as

do r p q r p q
+ - + Tq f}. (A2)

where q=0 , + 1 , - 1  ( corresponding to Am;= 0 , + 1 , - 1 ) is the light polarization index 

which represents linearly, right circularly and left circularly-polarized light, 

respectively. For linearly-polarized light, the transition amplitudes T /  are 

expressed as the following forms:

C = r ° _ = Y oo(0,cD)e i$s £ j f r + 2 S 2)

+F2O( 0 , o y ?"

r i = r 21(0 ,O )e^

0   T-» 01 +- “  *-+

- 2
45^5

(5 S3 + S4 +9 S5),

15-fid f S3+S* ~ 6S, ) ' 
if Y2l is replaced by K2_,

2 \
(A3)

where Sr S5 are two-photon radial matrix elements, / ,  i = + or - represent the sign 

of the electron spin in the final and initial state. We can clearly verify these results 

qualitatively from the ionization channels of rubidium in Fig. 2.3 and Fig. 2.4 in 

Sec. 2.3. Let's look at Eq. (A3) and Fig. 2.3. We see that the factor (Si+2S2) is 

associated with the partial 5 -wave, (5S3+S4+9S5) is associated with the partial d-
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wave, and the factor ( 5 S 3+ S 4 - 6 S 5)  comes from the fine structure of the continuum 

d- state.

If we use S;/Sj  and / Sj  to express the following forms

S j  5S 3 + S 4 + 9 5
and Sjd _  1 

S i  3

5  S 3 +  S 4  — 6 S s  

5iS3 + S4 + ( A 4 )

then S j / S j  indicates the relative contribution of the 5-wave to the photo­

ionization process, while S ^ / S j  reflects the influence of fine structure effect on

the relative strengths of the j=3/2 and j=5/2 components of the d-wave.

For linearly-polarized light, the cross sections for ionization into any of these 

three channels can be found by integrating Eq. (A2) over angle (0 ,0) with 

consideration of Eq. (A3), resulting in

I
° s  ~  9

S .  + 2 S - ,

8 5S3 + 5
G i n  225 6

12
5/2 225 s l

—&5/2 +  °5/2

for5s 2S 1/2 -> £ 2S 1/2

for 5s 2SI/2 -» £ 2D 2/3 

for 5s 2S 1/2 -» £ 2D , /5

(A 5)

Introducing Eqs. (A2) into (A3) and collecting terms in cos20 and cos40, one 

can show that

 1 2 [ l-2 (5 ,- /S j )c o s A $ ]
a, =

and

a, =

11+ 8(S ? / S j ) 2 - 8 (Sf / S j ) cos A£ + 9 ( S ^ / S j ) 2

S l-C S ^ /S y )2]

(A6 a)

4 1 1 + 8 (5 ,/S ? )2 - 8 ( S ,- /S , ) c o s A £  + 9 (5 ^ - / S j ) 2
(A6 b)
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where is the phase difference between the continuum s- and d-

waves.

S- SComparing Eq. (A4) with Eq. (A5), the parameters — and can be
s j  Su

further expressed as functions of the cross sections

i  = I
S j  5

4 c r

5 a A
i + ‘

6

/ v - '

S t\  d y

and

S j d  _  1 [ ^ s / 2 ^ ^ 3 / 2 ]

Sj  1 + [^ 5/2 ̂  2 ^3/2 ]

(A7a)

(A7b)

The coefficients a2 and 8 4 , which determine the angular distribution, can be 

obtained by fitting Eq. (Alb) to the experimental data (see Fig. 2.6). We see that 

Eqs. (A6 a) and (A6 b) contain three atomic parameters. Since the measured 

angular distribution can be completely defined by two fitting parameters. 

Therefore, in order to determine the three parameters from a2  and a4 , additional 

measurements or theoretical results are required. Yin and Elliott determined the 

atomic parameters based on two assumptions:

I) They made the assumption that spin-orbital coupling has a negligible effect 

on the G5/2/G2/2 ratio. This assumption was justified on the basis of the two- 

photon bound-state intensity ratios. For example, Kato and Stoicheff [Al] 

reported measurements of fine-structure intervals in the n 2D series in 

rubidium for n = 4 -16. Stoicheff and Weinberger [A2] reported 

measurements of the n 2S and n 2D series energy values for n ranging to 

over 100. Based on these results they estimated the intensity ratio G5n/G2a ~
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1.5, and hence S&d/ S ^ =0  from Eq. (A7b). In this case, they could use the 

angular distribution data a2 and a4 and Eqs. (A6a), (A6b) and (A7a) to 

determine cosAS, and a s/od. These results are shown in columns 3 and 4 in 

Table A.

2) The continuum phases of the S and D channels are given accurately by the 

semiemperical quantum defect theory. Once cosA£ is given by the 

calculation, the other two parameters a s/crd and G5/2/G3/2 can be determined 

from Eqs. (A6) and (A7) with experimentally determined angular 

distribution data a2 and a4 . The data Yin and Elliott obtained by this method 

are listed in columns 5-6 in Table A.

Table A.l: Atomic parameters determined from experimental 
data [Y.-Y. Yin andD.S. Elliott, PRA, 47, 2881 (1993)]. 
cos<t> (i.e. cosA^ in this text) and a/CTd in columns 3 and 4 were 
obtained by assumption 1). crs/ad and GsnjG y2 in columns 5-6 
were derived using calculated values of the continuum-wave- 
function phases. The two possible values for the d-wave fine 
structure ratio both are listed in column 6.

A. (nm) e (eV) cos^ crt /<rd (Ts/<Td o s s n ^ in
591.0 0.0196 0.45(3) 1.15(12) 0.39(3) 23(7) 0.19(3)
588.2 0.0396 0.28(3) 0.86(10) 0.18(2) 25(7) 0.18(3)
585.2 0.0612 0.42(5) 0.44(7) 0.20(2) 7(2) 0.41(8)
580.3 0.0970 0.40(5) 0.38(5) 0.19(1) 6(1) 0.46(9)
571.0 0.167 0.34(9) 0.29(9) 0.15(3) 5(2) 0.5(2)
560.0 0.251 0.36(6) 0.26(5) 0.19(2) 3(1) 0.7(2)
550.5 0.328 0.27(7) 0.25(6) 0.15(4) 4(2) 0.6(2)
532.0 0.485 0.25(10) 0.14(6) 0.14(5) 2(5) 1(3)

Al. Y. Kato and B.P. Stoichff, J. Opt. Soc. Am. 66,490 (1976).

A2. B. P. Stoicheff and E. Weinberger, Can. J. Phys. 57,2143 (1979).
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Appendix B

Derivation of the expression for the intensity of elliptically-polarized light 
passing through a polarizer Pt=P0(l e, l2sin2ft'+l e3 l2cos2iy)

In this appendix we derive an expression for the intensity of elliptically-

polarized light passing through a polarizer. We can write a matrix that represents

an optical element on how that element transfers field components from the input

to the output. For example, a vertical polarizer transfers the vertical field

component unchanged, but block the horizontal component, i.e.

E'x =0 
E': = £ ..

In general case, these relations can be expressed as

E' = p Ex r . x  x

E'z = p.E.

where E'x and E[ are the components of emerging beam and Ex, £. are the 
components of incident beam, which can be written as

( K
ke '-

Px 0 
0 Pz

So the Jones matrix for a vertical polarizer will be

0"l
•V = 0 1

Applying the rotation matrix

J{0) =(  cos 6 sin0 
-s in 0  cos0

to the Jones matrix for the vertical polarizer, we set the following matrix for a 
polarizer rotated at an angle 6 from vertical,
we get

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170

p^rot
' cos0 -sin0YO OY cos0 sin0 
sin0 cos0 I 0 1 I ■— sin0 cos0 

''cos0 - s in 0 Y  0 0 N
sin0 cos0 l - s in 0  cos0

sin20 -s in 0 co s0
-sin0cos0  cos20

For elliptically-polarized light with axes in x and z directions, the Jones vector is

, iE>;

After transmitting through the polarizer rotated an angle 0 from vertical, the 
polarization of the light can be expressed as

J tr a s  J p ^ r o t  ^ e llip
r sin20 -sin0cos0  
v-sin0cos0  cos2 0

r Ex sin2 0 —iE3 sin0 cos0 
— Ex sin0 co s0 + j£j cos2 0

\

Therefore the power of the optical field of the elliptically-polarized light through 

the polarizer is given by

P = J + Jv  trims trims

= E 2 sin2 0 + £ 2 cos2 0 
where the J*rans is the complex conjugate transpose matrix, which is a row matrix. 
Replacing the notations we have been using in this thesis, i.e. E|=l €t I, E2=l€3l, 

p
0=f) and P = —  we can write the transmission power in the form

Pt=P0(l e, l2sin20'+l e3 l2cos20')
which is Eq. (3.1).
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Appendix C

Determination of the polarization parameters letl and t€3l of ellipticity for 
elliptically-polarized light

To find the ellipticity of elliptically-polarized light, we fit the measured data 

of power transmitted through a polarizer at different angles to the polarization 

equation we have described in Sec. 5.2.2.

Pt=P0(l e , l2sin2ty+1 e3 l2cos2d ') (Cl)

where P0 is the power of the incident linear light, O' is the polarizer orientation

from z axis, e, and e3 are two components of the unit polarization vector

e=e,^+€3 z . Now we solve the polarization parameters le, I and le3l based on the 

best fit of the equation (Cl) to measured data.
p

For convenience, we use a=l e, I, b=l e31, y  =  —
P0

Then Eq. (C l) becomes

y=a2cos2x+b2sin2x (C2)

We denote the measured data of the power transmitted through the polarizer as 

y,*, y2*, ... yn*, which correspond to the angles of the polarizer xj, x2, ...xn. 

Letting the calculated y values in Eq. (C2) be y l5 y2, ... yn, we have the sum of the 

square of the difference between and ys* (i=l,2,...n)

s = (yi-yi*)2+(y2-y 2 *)2 ... + (yn-yn*)2

= (a2cos2Xi+b2sin2Xi-yi*)2 + (a2cos2x2+b2sin2x2-y2*)2 +...
n

{a cos jCj -hb^sin x, — y, )".
i=i

dSTo minimize S(a, b), set — =0, i.e.
ab
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^ -  = Y4fcsin2x,(a2cos2 x,. +fc2sin2x, - y ‘)= 0 ,
ab /=i

or if we eliminate the trivial value b = 0
n

sin2.*, (a2 cos2.*, + fc2sin2x, - y ’)= 0 . (C3)
1=1
dSSimilarly, setting —  = 0, we get 
oa
ft  ̂ -)

£ c o s 2x,(«2cos2 x, + b2 sin2 xf —y") = 0 . (C4)
i=i

Eq. (C3) can be written as :
ft tt n

a 2£ s i n 2.*, cos2 .*i +fc2^ s i n 4 x(- —^ y -  sin2 x, = 0, (C5)
i= i (=i i= i

or equivalently

a 22 (( l-c o s 2x1)cos2x, +b2^ sin4 .*, - £ y *  sin2*,
i=i i=i i=i

ii rt n  it

= a 2£  cos2x, - a 2^ c o s 4x, +fc2£ s in 4 .*, -  j y ‘ sin2.*, (C6)
i=i i=i i=i i=i

=  0 .

Similarly, Eq. (C4) can be written as:

n  n  n

a 2£ c o s 4x, +fc2£ s i n 2 x, cos2 xf -£ ;y * c o s2 xt. = 0  (C7)
i=i i=i i=i

Add Eqs. (C6) and (C7), yielding
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n n n n

a 2£ c o s 2x, +Zr £ s i n 4x, -t-Z r^cos2 xf sin2 x,- -  jy ,* (e°s2 x, +sin2 x,) = 0
1=1 i=i « = i /=i

or

a 2£ c o s 2x, + b1Ydsin2x, - £ y *  =0
f=i i=i i=i

Then we obtain

Z ? *  - a 2X co s2x,. 
b 2 = - s ! ------- /=!

I s i n 2 x,
i=i

Combine (C5) and (C8), yielding

(C8)

rt

«2^ s i n 2x, cos2 x, +
i=i

X?,* - a 22 c o s 2x,
i= i i=i

^ s i n 2 x,
i = i

£  sin4 x, -  £  y * sin2 *, = 0 (C9)
(=i i=i

Solving this equation, finally, we get

£ y *  sin2 x ,.£sin2x ,.-X y * X sin 4x,.
a 2 _  i=l i=l i = l  i = l

n n n

cos2 x, sin2 x, - £ c o s 2x ,£ s in 2 x,
i=i i=i i=i

(CIO)

a2 can be obtained by another way. 

Combine Eqs. (C7) and (C8), yielding
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n

C O S  X ;  +

2 y « * - fl22 1 c  o s 2x,. 
1=1 1=1

1=1

n ft
£ s in 2 x, cos2 X; -  £  y* sin2 x, = 0
i=i i=iI s i n 2x,-

V ,=l
or equivalently

n  n  n  no V"* 4 V-1 *> * 7 *5a ^ c o s  x, ^ c o s"  x, + 2 , y« cos‘ ■*,
i=l /=! i=l <=1

n  n  n

—a 2^ c o s 2x ,^ s in 2x( cos2 x, “ Xy,* cos2 x(]£sin2x, = 0
i=i f=i

We then get a2 with different form

i=i

n  n

a
£  y,’ sin2 x ,£ s in 2x, -X y * X s in 2x, cos2 x,

2 _ _ i = l ________ i=l i=l i=l
n n ti n

£ c o s 4 x ,^ s in 2x, - £ c o s 2x,]£sin2x, cos2 x(
i=i i = l 1=1 i '= l

(C ll)

Eqs. (CIO) and (Cl 1) are identical. Based on Eqs. (C8) and (CIO) or (Cl 1), 

we can use the two sets of measured data, the angles of polarizer (xO and the 

corresponding transmitted power (yi*), to calculate the polarization parameters le, I 

and le3l (i.e. a and b in the above derivation).
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Appendix D

Derivation of Coulomb phase differences between s - , p -  and d -  partial waves

The Coulomb phase of / the partial wave is expressed as [80]

T];. = arg [T (/'+ ( l-- |= ))] , (Dl)

where T is the complex gamma function, e is the electron energy in Rydbergs. 

From the recurrence relation of gamma function

r\z+2)=(z+1 )r(z+ i ),
we have

argr(z+2)=arg(z+1 )+arg(z+1),

or

argr(z+2)-argr(z+l)=arg(z+l). (D2)

According to Eq. (Dl), the Coulomb phases for s-, p- and d-waves are expressed 

as

I) ,= a rg [T (l— £=)], (D3a)

l77p =arg[r(l + (l--j= ))], (D3b)

tfd = arg[r(2 + (l——|= r))] , ( D 3 c )

respectively.

iWith z = (1 — j=) and referring to Eqs. (D2) and (D3), we get the Coulomb 

phase difference between p- and d-waves
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n P~nd = -a rg (z+ l)

= -arg(2 -~j=) 

= arctan — =■

(D4)

Similarly, from

r(z+l)=zr(z), 
we have the relation

or equivalently

argHz+1 )=arg(z)+argr(z), 

argf(z+1 )-argr (z)=arg(z). (D5)

Adding Eq. ( D 5 )  to Eq. ( D 3 )  and Eq. (D4), we have

argr(z+2)- argf(z)=arg(z+1 )+arg(z), ( D 6 )

With z = (1 — f=) and referring to Eq. (D6), we get the Coulomb phase difference

between s- and d-waves

r\s - i}d = arctan arctan 1 (D7)
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Appendix E

Derivation of quantum defect phase differences between s-, p- and d- partial 
waves

The experimental Rb levels can be represented precisely by a modified Ritz 

formula, which can be written as

E- =E- - 7 7 ^  (E1>(«*)

where R is the Rydberg constant ( R= 109736.6062 for 85Rb), and n* is the 

effective quantum number. The quantum defect 6 can be expressed as

(E2)
e * b eo = n — n =aH  -H------------ -+ .. .

( n - a Y  (n - a )

Note that a is the asymptotic quantum defect as n goes to infinity. 

Eq. (El) can be rewritten as

1 = — 2 -  = -e  (E3)
(/i*) R

where e is the energy of the electrons in Rydbergs. In the bound state levels, £ < 0; 

in the continuum states, £ > 0.

For large n, in Eq. (E2), n -n* = a or n* = n — a, then using Eq. (E3) 

we have

S=ci-b£+c(T 

The phase shift <j) = §71[l1, we finally obtain

0 = (a-b£+cF )Jt (E4)
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We list some values of a, b and c in Table B. We choose the data with the smallest 

uncertainties, which are shaded. With using these data, the quantum defect phase 

shifts for s-, p- and d-wave can be expressed as follows:

(j>s = O - ^ - 0 . \1 5 e + 0 3 5 9 i) 7 t  (£5a)

<j)p = (2.648-0.359e-4.44c* )n  (E5b)
and

</>d = (1.347+0.599<~1.39r);r .

Table E.l: Quantum defect parameters a, b and c

n n'S i/2 n n"D 3/2, 5/2 References

a b c a b c

3.131:< M l7 5 0.35? • ( 2 )

9 -1 1 6 3.131 0.189 -0.578 7 -1 2 4 1.347 -0.599 -1.39 (3)
15-11

6

3.131 0.174 15-124 1.347 -0.626 n

5 -1 1 6 3.131 0.177 0.175 4 -1 2 4 1.347 -0.598 -1.410 n

3.131 0.204 -1.8 (4)

n2P[/2 It”P3/2

a b c a b c

2.655/ ±0388 -7:904 2.641 0.329 -0.975 (5)
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